Synthesis and advanced spectroscopy of new and emerging energy materials by Rosales, Bryan Anthony
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2019
Synthesis and advanced spectroscopy of new and
emerging energy materials
Bryan Anthony Rosales
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Inorganic Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Rosales, Bryan Anthony, "Synthesis and advanced spectroscopy of new and emerging energy materials" (2019). Graduate Theses and
Dissertations. 17088.
https://lib.dr.iastate.edu/etd/17088
 
Synthesis and advanced spectroscopy of new and emerging energy materials 
 
 
by 
 
 
Bryan A. Rosales 
 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Chemistry 
 
 
Program of Study Committee: 
 
Javier Vela, Major Professor 
Aaron Rossini 
Emily Smith 
Gordon Miller 
Wenyu Huang 
 
 
The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this dissertation. The Graduate 
College will ensure this dissertation is globally accessible and will not permit alterations after a 
degree is conferred. 
 
 
Iowa State University 
 
Ames, Iowa 
 
2019 
 
 
Copyright © Bryan A. Rosales, 2019. All rights reserved. 
 
 
ii 
TABLE OF CONTENTS 
 
Page 
 
ACKNOWLEDGEMENTS  .....................................................................................................      iv 
 
ABSTRACT  .............................................................................................................................       v 
 
CHAPTER 1. INTRODUCTION  ............................................................................................       1 
  
General introduction  ....................................................................................................       1 
Semiconductors and photovoltaic cells  ........................................................................       1 
Colloidal semiconductor nanocrystals  .........................................................................       5 
 
 
CHAPTER 2. PERSISTENT DOPING AND PHASE SEGREGATION IN  
ORGANOLEAD MIXED-HALIDE PEROVSKITES  ............................................................     12 
 
Abstract  ........................................................................................................................     12 
Introduction  ..................................................................................................................     13 
Results and discussion ..................................................................................................     14 
Conclusions  ..................................................................................................................     31 
Methods  ........................................................................................................................     32 
Acknowledgements .......................................................................................................     34 
References  ....................................................................................................................     35 
Appendix of supporting information  ...........................................................................     47 
 
 
CHAPTER 3. LEAD-FREE SEMICONDUCTORS: SOFT CHEMISTRY,  
DIMENSIONALITY CONTROL, AND MANGANESE-DOPING OF GERMANIUM  
HALIDE PEROVSKITES  .......................................................................................................     64 
 
Abstract  ........................................................................................................................     64 
Introduction  ..................................................................................................................     63 
Results and discussion  .................................................................................................     66 
Conclusions  ..................................................................................................................     74 
Methods  ........................................................................................................................     74 
Acknowledgements  ......................................................................................................     76 
References  ....................................................................................................................     76 
Appendix of supporting information  ...........................................................................     86 
 
 
 
iii 
 
CHAPTER 4. SOLUTION-GROWN SODIUM BISMUTH DICHALCOGENIDES:  
TOWARD EARTH-ABUNDANT, BIOCOMPATIBLE SEMICONDUCTORS  ..................     94 
 
Abstract  ........................................................................................................................     94 
Introduction  ..................................................................................................................     94 
Results and discussion  .................................................................................................     96 
Conclusions  ..................................................................................................................   104 
Methods  ........................................................................................................................   106 
Acknowledgements  ......................................................................................................   108 
References  ....................................................................................................................   108 
Appendix of supporting information  ...........................................................................   115 
 
 
CHAPTER 5. GENERAL CONCLUSIONS ............................................................................   137 
  
 
 
iv 
ACKNOWLEDGEMENTS 
  
I would like to thank my advisor, Javier Vela, for his guidance, support, and encouragement 
throughout my graduate studies. His constructive criticism and lengthy scientific debates trained 
me to be a skilled researcher with an eye for detail. I would also like to thank Aaron Rossini, Emily 
Smith, Matthew Panthani, and their groups for prosperous collaborations and invaluable 
discussions. Special thanks to Gordie Miller and Wenyu Huang for providing guidance and asking 
difficult questions, my research benefited immensely. Special thanks for Sarah Cady for all the 
NMR guidance and invaluable discussions. 
Thanks to all Vela group members, past and present, for all of their support. A special 
thanks to Arthur (Miles) White for all the lengthy discussions and willingness to critique my ideas. 
Thanks to Long Men and Himashi Andaraarachchi for all the good times, laughter, and discussions 
throughout the years. Thanks to Alan Medina-Gonzalez, Carena Daniels, Lin Wei, Yunhua Chen, 
Marquix Adamson, Phil Yox, Kate Baumler, and Rafa Blome for their friendship and group 
lunches! Many thanks to Josie Del Pilar for all the guidance, Michelle Thompson for all the 
laughter, and Feng Zhu for teaching me about perovskites.  
Special thanks to my wife, Ann Lii-Rosales, for being my pillar of support throughout the 
years. Your patience, love, support, laughter, and invaluable research discussions gave me the 
strength I needed every day throughout my graduate studies. Thank you for always being with me 
through every step of this adventure. 
 
 
 
 
  
 
 
v 
ABSTRACT 
As the global population increases and our dependence on technology grows, we need to 
develop technologies that can generate energy cleanly and efficiently without releasing harmful 
pollutants into the environment. This dissertation describes the synthesis and characterization of 
new and emerging solar cell materials including methylammonium lead mixed halide perovskites, 
cesium germanium halide perovskites, and alkali bismuth dichalcogenides. 
We begin by characterizing the methylammonium lead mixed halide perovskites by 207Pb 
solid state nuclear magnetic resonance (ssNMR) spectroscopy. When these materials are prepared 
in solution, we observe the presence of dopants and semicrystalline phases that survive and persist 
even upon annealing. We develop a novel solid phase synthesis that successfully eliminates these 
semicrystalline phases; however, dopants still persist. Our results are consistent with the presence 
of miscibility gaps and spontaneous spinodal decomposition of mixed-halide perovskites at room 
temperature. These results suggest that better optoelectronic properties and improved device 
performance may be achieved through careful manipulation of the different phases and 
nanodomains present in these materials. 
Next, because many technologically relevant semiconductors are composed of toxic (Cd, 
Pb, As) or relatively scarce (Li, In) elements, we describe the synthesis of nanocrystals of two new 
ternary semiconductor families: cesium germanium halide perovskites and alkali bismuth 
dichalcogenides. We achieve size control of cesium germanium halide perovskite nanocrystals by 
varying cysteammonium halide ligands in an aqueous synthesis. We observe a variety of 
morphologies including pyramidal, hexagonal, and spheroidal. We successfully dope Mn2+ into 
the lattice for the first time with incorporations up to 29% in bulk and 16% in nano samples. We 
also report a facile, low-temperature, and size-tunable (4–28 nm) solution phase synthesis of 
ternary alkali bismuth dichalcogenides. We observe 1.20–1.45 eV band gaps that all fall within 
the ideal range for solar cells with high extinction coefficients in the 104–106 cm-1 M-1 range. We 
computationally investigate the lowest energy superstructures that result from “coloring” that is 
caused by mixed-cation sites present in the rock salt lattice. The syntheses reported in this 
dissertation unlock two new classes of low cost and environmentally friendly semiconductors that 
show properties of interest for applications in energy conversion.
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CHAPTER 1 
 
INTRODUCTION 
 
General introduction 
 
This dissertation presents investigations into two different multinary semiconductor 
systems: halide perovskites and alkali bismuth dichalcogenides. Both systems are new and 
emerging semiconductors with properties desirable for light harvesting applications such as solar 
cells. Phase segregation in the methylammonium lead mixed halide perovskites is investigated by 
207Pb ssNMR and a novel solid phase synthetic method that successfully eliminates semicrystalline 
phases is reported. Next, because many of the best semiconducting materials are based on toxic 
heavy metals, we report synthetic tunability of colloidal semiconductor nanocrystals based on 
comparatively benign (germanium halide perovskites) and biocompatible (alkali bismuth 
dichalcogenides) elements. 
 
Semiconductors and photovoltaic cells 
 
Because of the large number of atoms in a solid, the number of orbitals and closely spaced 
energy levels are also large such that bands of energy levels exist instead of the discrete energy 
levels found in molecules.1 The valence band is the highest energy band containing electrons while 
the conduction band is the lowest energy band void of electrons. If there is no energy difference 
between these bands as is the case in a metal (Figure 1), little to no energy is required to move 
electrons between the bands allowing electrons to move freely throughout the lattice (Figure 1). If 
there is a band gap caused by an energy difference between these bands as is the case for 
semiconductors and insulators, then energy must be supplied to the system to promote an electron 
from the valence band to the conduction band. The band gap energy of a semiconductor is small 
enough such that it fits within the solar radiation spectrum while the band gap of an insulator is 
large such that only the highest energy photons can excite an electron. 
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Figure 1. Illustration of the difference in energy levels for metals, semiconductors, and insulators. 
 
The atoms in a solid are bonded to each other repetitively throughout a three-dimensional 
lattice. Because of this, the energy difference between the valence band and conduction band 
changes depending on the direction one looks in the brillouin zone of reciprocal space as shown 
by the band structure (Figure 2b and 2c, red lines). There is a direction in the brillouin zone that 
minimizes the energy difference between the valence band maximum (Figure 2b and 2c, bottom 
red line) and conduction band minimum (Figure 2b and 2c, top red line). If the valence band 
maximum and conduction band minimum occupy the same location in reciprocal space, the 
semiconductor is called a direct band gap semiconductor (Figure 2b) and a photon only needs to 
be the appropriate energy to be absorbed.2 If the valence band maximum and conduction band 
minimum occupy different locations in reciprocal space, the semiconductor is called an indirect 
band gap semiconductor (Figure 2c) and the photon not only needs to be the appropriate energy 
but also needs to interact with a phonon by transferring momentum to be absorbed.2 Direct band 
gap semiconductors exhibit a steep absorption coefficient onset with values typically between 104-
106 cm-1 while indirect band gap semiconductors exhibit a broad absorption coefficient onset with 
values typically < 103 cm-1.2 It is also possible to have close-in-energy direct and indirect band 
gaps. For example, MoS2 and MoSe2 can transition from indirect band gap to direct band gap as 
the dimensionality of the material is reduced from a bulk crystal to a single layer (Figure 2b vs 2c) 
accompanied by a substantial photoluminescence enhancement (Figure 2a).3-4 
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Figure 2. (a) PL of single-layer (red), three layers (blue dashed), and bulk (green dotted) MoSe2. 
(b-c) Calculated band structure of single-layer and bulk MoSe2. Reprinted with permission from 
ref. 3. Copyright 2012 American Chemical Society. 
 
The properties of a semiconductor can be modified through doping.1 When the added atoms 
contain more electrons in the valence shell compared to the host material, the result is a more 
negative material called an n-type semiconductor. When the added atoms contain fewer electrons 
in the valence shell, the result is a more positive material called a p-type semiconductor.  
A p-n junction is created when a p-type semiconducting layer is connected to an n-type 
semiconducting layer (Figure 3a).1 Excess electrons from the n-type layer will migrate to the p-
type layer until an equilibrium is reached. At this point, the band gap of both layers is unchanged 
with the Fermi levels matching because the energy levels of the n-type layer are lowered by buildup 
of positive charge. If no external voltage is applied, photons of energy equal to or greater than the 
band gap can promote an electron from the valence band of the p-type layer into the conduction 
band of the n-type layer. Current can then be collected when the two layers are connected by an 
external circuit (Figure 3a). This process is known as the photovoltaic effect and optoelectronic 
device such as solar cells use this process to generate electricity from sunlight. 
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Figure 3. (a) Light absorption and emission from a solar cell under load. Current is collected from 
a p-n junction when connected to an external circuit. (b) Shockley-Queisser energy conversion 
efficiency limits under global sunlight (AM1.5G) versus band gap (solid line). The highest 
experimental values for various materials are shown as colored diamonds. Dashed line shows 
limits for direct AM1.5D sunlight conversion under maximal concentration of 46,200 suns at a 
cell temperature of 25 °C. (c) Energy conversion efficiency versus external radiative efficiency 
(ERE) for various experimental cells. (d) Angular effects in solar energy conversion, showing 
direct and diffuse solar components, minimum acceptance angle, and ground reflection effects. 
Reprinted by permission from Springer Nature: ref. #5, Copyright 2017. 
 
While the band gap of a semiconductor is necessary to convert sunlight into electricity, the 
size of the band gap limits the maximum power conversion efficiency (PCE) obtainable in a solar 
cell. Photons of energy lower than the band gap are not absorbed while photons of higher energy 
are absorbed; however, only part of the energy is used to excite electrons across the band gap while 
the rest of the energy increases the kinetic energy of the electron (known as “hot” electrons).6 As 
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hot electrons move throughout the lattice, they lose their kinetic energy in the form of heat due to 
lattice scattering.6 These loss mechanisms lead to an ideal band gap range in which the band gap 
is neither too large nor too small. After taking these spectral losses into account along with 
blackbody radiation losses, recombination losses, and impedance mismatching, a fundamental 
PCE limit called the Shockley-Queisser limit can be calculated.7  This limit results in a maximum 
PCE of 33.7% at a band gap of 1.34 eV, although PCE’s above 30% are possible in a band gap 
range of 1.0-1.6 eV (Figure 3b).8 The Shockley-Queisser limit is specific to single-junction solar 
cells and there are a variety of ways one could overcome this limit including (but not limited to) 
concentrating sunlight (Figure 3b, dashed line), changing the acceptance angle (Figure 3d), 
controlling the cell operating temperature, forming multijunction solar cells, multiple exciton 
generation (MEG), and incident photon wavelength manipulation.5 
Many of the best performing solar cell materials contain toxic, heavily regulated (Cd, Pb, 
As) elements as well as elements that are scarce or poorly distributed in the Earth’s crust (In) 
(Figure 3b). Therefore, much effort has gone towards developing new semiconductors based on 
environmentally friendly and Earth abundant elements.9-11 Computationally screening these new 
semiconductors relies on identifying properties commonly found in the best performing solar cell 
materials and then calculating these properties for a series of new semiconductors.12-14 Among the 
properties desirable that are typically calculated include the magnitude and nature of the band gap, 
strength of optical absorption, charge carrier effective masses, defect tolerance, dielectric constant, 
Rashba splitting, and band alignment with commonly used contact materials.12 
 
Colloidal semiconductor nanocrystals 
 
Nanocrystals are tiny crystalline particles with sizes in the range of 1–100 nm. While a 
bulk solid exhibits continuous energy states that behave as bands, the energy spacing between 
these states begin to increase as the size of the crystal decreases.15 When the size becomes smaller 
than the Bohr exciton radius, the exciton becomes spatially confined which raises its energy.15 A 
nanocrystal with size-dependent optical and electronic properties as a result of this quantum 
confinement effect are called quantum dots (Figure 4). By changing the size of a quantum dot, one 
can change what wavelengths of light are absorbed.  
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Figure 4. (a) Nanocrystal size-dependent absorption enables tuning of the quantum dot absorption 
spectrum. The insert shows photoluminescence of quantum dots with different crystal sizes. (b) 
The conduction and valence band energy levels also depend on nanocrystal size. Reprinted by 
permission from Springer Nature: ref. #16, Copyright 2016. 
 
Another effect of nanostructuring is that the surface area increases as the size is reduced. 
With shrinking size, the role of the surface increases until it becomes the dominant factor.17 
Therefore, an understanding of the underlying surface chemistry is imperative when discussing the 
properties of a particular nanocrystal system.  
The surface of a nanocrystal can accommodate a variety of surface ligands with designated 
X-, L-, and Z-type classification (Figure 5a).18-19 X-type ligands are strongly binding, negatively 
charged ligands such as carboxylates or halides that can terminate a cation-rich lattice or exist as 
a bound ion pair. L-type ligands are weakly binding neutral donor ligands such as oleylNH2 or PR3 
that bind to surface cations. Z-type ligands are neutral acceptor ligands such as CdCl2 or PbI2 that 
effectively bind to negatively charged surface species. The type of nanocrystal surface can change 
the nature of how the ligand binds to the surface. One example is PbS whose nanocrystals adopt 
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two different surface planes: a Pb-only (111) surface and a mixed Pb/S (100) surface.17 Pb-rich 
(111) planes lead to favorable binding of negatively charged oleate ligands on the Pb sites while 
the mixed Pb/S sulfur sites of (100) lead to bidentate binding of oleic acid as an L-type ligand 
(Figure 5).17 
 
 
 
Figure 5. (a) Classification of ligand binding motifs at the surface of a CdSe nanocrystal. (b) 
Modelled 5-nm cuboctahedral PbS NC (center) with simplified illustrations of oleic acid binding 
as L-type ligand to (100) facets (left) and binding together with hydroxide as X-type oleate on Pb-
terminated (111) facets (right). (c,d) Sketches of DFT-relaxed surface structure on PbS(100) and 
PbS(111). Reprinted by permission from Springer Nature: ref. #17, Copyright 2016. 
 
Dangling bonds on the surface caused by incomplete surface passivation causes mid-gap 
trap states to form between the valence and conduction bands (Figure 6a vs. 6b).16 Mid-gap trap 
states greatly affect the optoelectronic properties of nanocrystals. Films composed of nanocrystals 
exhibiting extensive mid-gap trap states are prone to a decrease in both the effective carrier 
mobility and exciton diffusion length.16 Mid-gap trap states act as recombination centers that 
reduce the exciton excited state lifetime leading to an increase in exciton loss due to 
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photoluminescence (Figure 6c).16 Therefore, much research has gone into developing effective 
ligand exchange methods that both remove native bulky organic ligands and completely passivate 
the surface with conducting short-chain inorganic ligands commonly based on metal or organic 
halides. One effective method is layer-by-layer (LBL) ligand exchange in which the nanocrystal 
solid is first assembled into a densely packed film and then soaked in a ligand exchange solution 
that contains additional passivants.16 The steric hindrance of the bulky organic ligands can prevent 
complete ligand exchange and can even limit the access of passivants to the surface.16 Nonetheless, 
record quantum dot solar cell power conversion efficiencies exceeding 13% can be achieved by 
this method.20 Alternatively, more complete ligand exchange and greater surface passivation can 
be achieved by introducing halide ligands during synthesis or by performing a biphasic ligand 
exchange in solution.16 
 
 
 
Figure 6. Density of states showing a band gap without (a) and with (b) mid-gap trap states. Ev is 
the energy level of the top of the valence band and Ec is the energy level of the bottom of the 
conduction band. (c) Mid-gap states (yellow) function as recombination centers, capturing both 
electrons (blue spheres) and holes (blue circles) with similar probabilities, and enabling their loss 
through recombination. VB is the valence band and CB is the conduction band; wavy arrow 
represents incoming photons. (d) Effective surface passivation seeks to eliminate electronic states 
within the band gap. Reprinted by permission from Springer Nature: ref. #16, Copyright 2016. 
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These methods enable a variety of quantum dot devices that can be made by depositing 
quantum dots from solution after engineering their size, shape, and surface chemistry.21 Among 
devices that can be made from quantum dots include field-effect transistors, photoresistors, light-
emitting diodes, and solar cells. However, challenges still remain for quantum dot devices 
including control over carrier type, concentration, mobility, and traps at the device interface that 
can limit the gain and speed of quantum dot electronics.21  
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CHAPTER 2 
 
PERSISTENT DOPING AND PHASE SEGREGATION IN ORGANOLEAD MIXED HALIDE 
PEROVSKITES 
 
Reprinted with permission from Chem. Mater. 2016, 28, 6848–6859. 
Copyright © 2016 
American Chemical Society 
 
Bryan A. Rosales, Long Men, Sarah D. Cady, Michael P. Hanrahan, Aaron J. Rossini,  
and Javier Vela 
 
Abstract 
 Organolead mixed-halide perovskites such as CH3NH3PbX3-aX'a (X, X' = I, Br, Cl) are interesting 
semiconductors because of their low cost, high photovoltaic power conversion efficiencies, enhanced 
moisture stability, and band gap tunability. Using a combination of optical absorption spectroscopy, 
powder X-ray diffraction (XRD) and, for the first time, 207Pb solid state nuclear magnetic resonance 
(ssNMR), we probe the extent of alloying and phase segregation in these materials. Because 207Pb ssNMR 
chemical shifts are highly sensitive to local coordination, electronic structure, and vary linearly with 
halogen electronegativity and band gap, this technique can provide the true chemical speciation and 
composition of organolead mixed-halide perovskites. We specifically investigate samples made by three 
different preparative methods: solution phase synthesis, thermal annealing, and solid phase synthesis. 
207Pb ssNMR reveals that nonstoichiometric dopants and semicrystalline phases are prevalent in samples 
made by solution phase synthesis. We show that these nanodomains are persistent after thermal annealing 
up to 200 °C. Further, a novel solid phase synthesis that starts from the parent, single-halide perovskites 
can suppress phase segregation but not the formation of dopants. Our observations are consistent with the 
presence of miscibility gaps and spontaneous spinodal decomposition of the mixed-halide perovskites at 
room temperature. This underscores how strongly different synthetic procedures impact the 
nanostructuring and composition of organolead halide perovskites. Better optoelectronic properties and 
improved device stability and performance may be achieved through careful manipulation of the different 
phases and nanodomains present in these materials. 
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Introduction 
Organolead halide perovskites (CH3NH3PbX3, X = I, Br, Cl) have emerged as promising 
semiconductors for photovoltaics due to their low cost, solution processability, and high power conversion 
efficiencies (> 21-22%).1,2 Among their many interesting properties, organolead halide perovskites 
benefit from large absorption coefficients, low exciton binding energies, long exciton diffusion lengths, 
high dielectric constants, and intrinsic ferroelectric polarization.3-15 Organolead mixed-halide perovskites 
(CH3NH3PbX3-aX’a, X, X’ = I, Br, Cl) are of particular interest because they appear to further benefit from 
enhanced moisture stability, improved carrier relaxation time, and visible range tunability. Mixed-halide 
perovskites are thus useful in tandem solar cells and, because they also display intense photoluminescence, 
they have potential utility in light-emitting devices (LEDs).16-37 
In spite of these advantages, questions surrounding the extent of alloying and phase segregation 
in mixed-halide perovskites remain. Films of CH3NH3PbI3-xClx cast from precursors that contain chloride 
exhibit improved film coverage, tunable morphologies, increased diffusion lengths, and reduced 
photocurrent hysteresis compared to CH3NH3PbI3 films prepared without chloride, even though no 
chloride is present by compositional analysis.38-44 Whether chloride is incorporated into the structure is 
uncertain, but it has been suggested that residual chloride collects at grain boundaries.45 In the 
‘CH3NH3PbI3-aBra’ series, a recent computational study proposed that bromide-rich phases such as 
CH3NH3PbIBr2 and CH3NH3PbI0.5Br2.5 can be thermodynamically stable against phase segregation at 
room temperature; however, a miscibility gap between 30-60% Br is only overcome above 70 °C.46 Photo-
induced phase segregation of organolead mixed-halide perovskites has also been observed.47-49 
Structural issues aside, phase segregation in mixed-halide perovskites is intriguing because these 
materials are known to easily undergo anion exchange in solution50-54 as well as between gas and solid 
phases.55 In fact, the fast rate of diffusion and high overall mobility of halide ions throughout the 
crystalline perovskite lattice55 is likely responsible for photoinduced phase separation and other unusual 
perovskite properties such as giant dielectric constant and photocurrent hysteresis.56,57 More research is 
needed to understand whether (and which) mixed-halide perovskites form stable alloys, what other phases 
and impurities exist as phase-segregated domains, and how the various synthetic procedures available 
affect the true composition, speciation, and optoelectronic properties of these materials. 
Among the techniques best suited for the study of organolead halide perovskites is 207Pb solid state 
(ss) NMR.58-61 The 207Pb nucleus has a spin of ½, 22.6% natural abundance, and a chemical shift (δ) range 
spanning over 10,000 ppm.62 All of these factors make 207Pb ssNMR highly sensitive to local electronic 
structure, coordination environment, ligand electronegativity, and temperature. For example, the 207Pb 
 
 
14 
isotropic chemical shift (δiso) of the lead dihalides (PbX2; X = I, Br, Cl) varies linearly with halide 
electronegativity and ionization energy (see Supporting Information (S.I.) available).62-67 Because the 
207Pb nucleus is highly sensitive to local electronic structure, 207Pb ssNMR can probe all crystalline, 
semicrystalline, and amorphous phases, and provide information about the different lead sites that may 
be present in mixed-halide perovskites. However, there is currently a dearth of prior 207Pb ssNMR studies 
on organolead perovskites. 2H and 14N ssNMR were used to observe phase transitions and probe dynamic 
motions of the CH3NH3+ cations in CH3NH3PbX3.68-69 1H longitudinal relaxation times and 35Cl, 79Br and 
127I NQR spectra were used to study the motion and phase transitions in CH3NH3PbX3.70 Very recently, 
1H and 13C ssNMR spectra of a variety of lead perovskites were presented.71 
Herein, we use 207Pb ssNMR to unveil the presence of both nonstoichiometric dopants and phase 
segregation in organolead mixed-halide perovskites. To the best of our knowledge, this is the first 
spectroscopic study of these materials using this technique. We find that 207Pb ssNMR is uniquely 
complementary to other more commonly used characterization methods such as UV-Vis optical 
absorption and powder X-ray diffraction. Using all of these techniques together, we find that dopants are 
persistent in perovskites even after thermal annealing to 200 °C. Moreover, these non-stoichiometric 
impurities form spontaneously regardless of whether the sample is made by solution phase synthesis, 
thermal annealing, or solid phase synthesis. In contrast, phase segregation, forming semicrystalline or 
amorphous products, occurs when the sample is made by solution phase synthesis and thermal annealing, 
but not by solid phase synthesis. We explain these differences in the context of recent studies on the 
miscibility and spinodal decomposition tendencies of organolead mixed-halide perovskites. 
 
Results and discussion 
Solution phase synthesis. Organolead single- and mixed-halide perovskites (CH3NH3PbX3) can 
be easily prepared by precipitation from solution (see Methods). In this solution phase synthesis, 
lead(II)- and methylammonium-halides are dissolved in N,N-dimethylformamide (DMF, X = Br, Cl) or 
acetonitrile (CH3CN, X = I) followed by precipitation of the desired perovskite by the addition of 
toluene (Scheme 1a). A progressive blue shift in absorption edge, along with a color change from black 
to white, are immediately obvious as the perovskite composition changes from the less electronegative 
iodide to the more electronegative bromide and chloride (Figure 1a). Iodo-bromide and bromo-chloride 
perovskites such as ‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’, respectively, have absorption edges 
that lie in between those of the parent, single-halide perovskites. In contrast, the absorption edges of 
iodo-chloride perovskites such as ‘CH3NH3PbI1.5Cl1.5’ mirror that of CH3NH3PbI3 (Figure 1b). Note: 
Throughout this manuscript, hypothetical formulas calculated from the synthetic loading alone are 
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italicized and written in quotation marks whereas actual compositional assignments determined from all 
of the experimental data combined are written in regular script (see below). 
 
 
 
 
Figure 1. Representative visual image (a) and diffuse reflectance data (b) of solid organolead halide 
perovskites prepared by solution phase synthesis or thermal annealing (either method gives similar results). 
Italicized formulas in quotation marks are calculated from synthetic loading; formulas in regular script 
are compositional assignments made from all experimental data. The minimum at 400 nm in (b) is an 
instrumental artifact. 
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The powder X-ray diffraction (XRD) pattern of CH3NH3PbI3 matches the tetragonal standard 
pattern of its most stable room temperature phase, while those of CH3NH3PbBr3 and CH3NH3PbCl3 match 
their cubic standard patterns (Figure 2a). Scanning electron microscopy (SEM) shows that samples are 
made of 0.3-2 µm particles (Figure 3). Iodo-bromide and bromo-chloride perovskites such as 
‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’, respectively, show single sets of XRD peaks that are 
intermediate between those of the parent, pure halide perovskites. Scherrer analysis of the relatively broad 
XRD peaks of ‘CH3NH3PbI1.5Br1.5’ yields average single crystalline domain sizes of 36±12 nm. In 
contrast, iodo-chloride perovskites such as ‘CH3NH3PbI1.5Cl1.5’ show two distinct sets of XRD peaks that 
clearly correspond to a physical mixture of phase-segregated CH3NH3PbI3 and CH3NH3PbCl3 (Figure 2a).  
 
 
 
Figure 2. Powder XRD patterns (a), lattice parameter and absorption edge data (b) as a function of relative 
halide synthetic loading (%) for organolead halide perovskites prepared by solution phase synthesis. 
Italicized formulas in quotation marks are calculated from synthetic loading; formulas in regular script 
are compositional assignments made from all experimental data.
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Figure 3. Representative SEM images of CH3NH3PbI3 (a), CH3NH3PbBr3 (c) and CH3NH3PbCl3 
(e) made by solution phase synthesis, and of ‘CH3NH3PbI1.5Br1.5’ (b) and ‘CH3NH3PbBr1.5Cl1.5’ 
(d) made by solid phase synthesis (see Methods). 
 
As shown in Figure 2b, both the absorption edge and lattice parameter of mixed-halide 
perovskites show a non-linear dependence or “bowing” on the iodide to bromide ratio, but vary 
linearly when transitioning from bromide to chloride. In other words, the absorption edge and 
lattice parameter of ‘CH3NH3PbI3-aBra’ samples made with 0-50% bromide synthetic loading (0 ≤ 
a ≤ 1.5) are much closer to pure bromide than to iodide. In contrast, the lattice parameter and 
absorption edge of CH3NH3PbBr1.5Cl1.5 lie halfway between pure bromide and chloride. 
The different behavior displayed by different mixed-halide systems can be explained in 
part by crystallography. According to both Hume-Rothery72 and Vegard73,74 rules, tetragonal 
CH3NH3PbI3 and cubic CH3NH3PbBr3 may only partially alloy because they do not share the same 
crystal structure even though their lattice mismatch is small (6.4%) and their halogens have similar 
electronegativities (cP = 3.16 for I vs. 2.96 for Br) (Table 1). Cubic CH3NH3PbBr3 and cubic 
CH3NH3PbCl3 are able to form solid solutions because they adopt the same crystal structure, have 
a small lattice mismatch (4.5%) and their halogens have similar electronegativities (cP = 2.96 for 
Br vs. 2.66 for Cl) (Table 1). CH3NH3PbI3 and CH3NH3PbCl3 cannot be expected to form solid 
solutions to any significant extent because they form different crystal structures with a large lattice 
mismatch (11%) and their halogens have very different electronegativities (cP = 3.16 for I vs. 2.66 
for Cl) (Table 1). Unsurprisingly, annealed films of ‘CH3NH3PbI3-aCla’ do not seem to contain 
chloride within the detection limit of energy-dispersive X-ray spectroscopy (EDS), implying that 
any incorporation of chloride in the crystal lattice (x) must be extremely low.38-44 
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Table 1. Selected data for CH3NH3PbX3 perovskites. 
X Lattice parameters (Å) Δa (%)a cPX 
I 6.3115(a), 6.3161(c)75 6.4 3.16 
Br 5.9345(a)76 0 2.96 
Cl 5.6694(a)77 -4.5 2.66 
aΔa = 100 ´ [(ax – aBr) / aBr] 
 
207Pb ssNMR of organolead halides. To gain more physical insight into alloying and phase 
segregation in organolead mixed-halide perovskites, we employed 207Pb ssNMR spectroscopy. As 
shown in Figure 4, the 207Pb ssNMR spectra of the single-halide perovskites show one relatively 
broad peak. The isotropic chemical shift (δiso) moves progressively upfield (to lower ppm value) 
as the halogen electronegativity and perovskite band gap increase (Figure 5). This linear 
correlation is similar to that observed in the lead dihalides (PbX2, X = I, Br, Cl; Figures S1 and 
S2).58,60,63–66 In contrast, the 207Pb ssNMR spectra of mixed-halide perovskites made by solution 
phase synthesis exhibit multiple peaks (Figure 4). For example, the 207Pb ssNMR spectra of mixed-
halide perovskites made by solution phase synthesis with a 1:1 synthetic loading show two peaks 
each for ‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbI1.5Cl1.5’, and three peaks for ‘CH3NH3PbBr1.5Cl1.5’. 
In order to determine whether the presence of extra 207Pb peaks is the result of higher order 
NMR interactions or compositional sample variations, we collected 207Pb ssNMR spectra with and 
without sample spinning and at different magnetic fields. For example, the 207Pb ssNMR spectra 
of the ‘CH3NH3PbBr1.5Cl1.5’ sample collected with a 10 kHz magnetic angle spinning (MAS) 
frequency or with a stationary (static) sample spinning are virtually indistinguishable; both show 
three similar peaks at 160, -117 and -379 ppm (Figure S3). The presence of very broad 207Pb NMR 
linewidths in all samples, in addition to the lack of narrowing from MAS (see S.I.), is consistent 
with the 207Pb ssNMR spectra of other lead-containing semiconductors.65,78,79 The full width at 
half maximum (fwhm) of the 207Pb resonances is dependent on composition, going from ca. 253 
ppm to 33 ppm between pure iodide and pure chloride perovskite, respectively. 
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Figure 4. Static 207Pb ssNMR spectra (22 °C) of representative organolead single- and mixed-
halide perovskites prepared by solution phase synthesis, thermal annealing, and solid phase 
synthesis; black curves were fit to mixed Gaussian/Lorentzian peaks (see Methods). MAS lead to 
no substantial narrowing of the peaks (see S.I.). Italicized formulas in quotation marks are 
calculated from synthetic loading; formulas in regular script are compositional assignments made 
from all experimental data. 
 
The 207Pb ssNMR signal broadening in these systems is likely to be primarily due to 
homogeneous broadening. Additional control experiments using a lower magnetic field of 9.4 T 
(400 MHz) (as opposed to 16.4 T (600 MHz)) lead to similar 207Pb ssNMR spectra. Superior 
resolution was observed at the higher field of 16.4 T (see S.I.), which indicates that the broadening 
of the 207Pb ssNMR peaks is primarily homogeneous. This shows that chemical shift anisotropy 
(CSA) is unlikely to contribute to the observed broadening to a significant extent, because 
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broadening would also increase with applied field. Longitudinal (T1) and transverse (T2’) 207Pb 
relaxation time constants were also measured for the single-halides (Table S1). Static 207Pb ssNMR 
saturation recovery experiments yielded relatively short 207Pb T1 relaxation times between 1.1 and 
1.4 s for all of the single-halide perovskites. Application of MAS lead to a dramatic reduction in 
the 207Pb T1's for both CH3NH3PbI3 (T1 ≈ 83 ms) and CH3NH3PbBr3 (T1 ≈ 104 ms), consistent with 
a recently proposed MAS induced halogen polarization exchange longitudinal relaxation 
mechanism.80 For CH3NH3PbI3 and CH3NH3PbBr3, T2’s were short (less than 90 µs) under both 
MAS and static sample conditions and were nearly equal to T2*, which was calculated from the 
full width at half maximum of the 207Pb ssNMR peaks. Relaxation measurements directly confirm 
that the broadening is primarily homogenous in nature. Both CH3NH3PbI3 and CH3NH3PbBr3 had 
much shorter transverse relaxation times than CH3NH3PbCl3, which suggests that dipolar/scalar 
coupling to the halogen nuclei could be responsible for the short transverse relaxation time 
constants. In summary, these observations indicate that the multiple 207Pb ssNMR peaks observed 
for the organolead mixed-halide perovskites arise from distinct chemical species or phases that are 
actually present in each sample, and that the broadening of the different 207Pb peaks is primarily 
homogeneous in nature and does not arise from a distribution of isotropic chemical shifts or CSA. 
 
Figure 5. 207Pb ssNMR isotropic chemical shifts (δiso at 22 °C) observed in single- and mixed-
halide-organolead perovskites prepared by solution phase synthesis as a function of average 
halogen electronegativity and band gap. The chemical composition of mixed-halide perovskites 
was estimated from a calibration curve derived from 207Pb  δiso data of single-halide perovskites. 
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Figure 6. 207Pb ssNMR isotropic chemical shifts (δiso at 22 °C) of single- and 1:1 mixed-halide-
organolead perovskites prepared by solution phase synthesis, thermal annealing, and solid phase 
synthesis as a function of halide composition. The chemical composition of mixed-halide 
perovskites was estimated from a calibration curve derived from 207Pb δiso data of single-halide 
perovskites. 
 
Correlating structural and spectroscopic data. To explain our spectroscopic observations, 
we separately consider each of the aforementioned ‘1:1’ mixed-halide perovskites. Because δiso 
varies linearly with average electronegativity and band gap (Figure 5), we used these values to 
estimate the chemical compositions of all observed 207Pb resonances from a calibration curve 
determined from the single-halide perovskites (Figure 6). ‘CH3NH3PbI1.5Br1.5’ prepared by 
solution phase synthesis has a single set of powder XRD peaks indicating a single crystalline phase 
is present (Figure 2a); however, this sample has two resolved 207Pb ssNMR peaks located at 774 
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ppm and 361 ppm (Table 2 and Figure 4). The first NMR peak located at 774 ppm is in between 
the pure (single-halide) iodide and bromide perovskites, but closer to the latter (Figure 6a); based 
on its chemical shift, we attribute this resonance to the crystalline, bromide-rich perovskite 
CH3NH3PbIBr2 (Table 2). This assignment is consistent with both the optical and XRD data for 
this sample (Figures 1b and 2a). The chemical shift of the second resonance at 361 ppm is identical 
to that of the pure bromide perovskite (Figures 4 and 6a). However, this phase is absent from XRD 
and steady state optical measurements, which leads us to propose two different, alternative 
assignments for it: (i) One possibility is the presence of amorphous CH3NH3PbBr3 (Figure 7a); (ii) 
Another possibility is that the whole sample consists of core/shell nanocrystals made of 
CH3NH3PbIBr2 cores surrounded by thin, semicrystalline CH3NH3PbBr3 shells (Figure 7b). As in 
other similar nanostructures, thin CH3NH3PbBr3 shells would be hard to distinguish by XRD 
because they would diffract weakly. In addition, in a core/shell configuration, the CH3NH3PbBr3 
lattice would likely expand to better epitaxially fit onto the iodide-containing CH3NH3PbIBr2 core. 
A comparison of relative peak areas suggests that the ratio between the crystalline (C) 
CH3NH3PbIBr2 and semicrystalline (A or /s) CH3NH3PbBr3 phases present in this particular 
sample is 26% to 74% (Table 2).  
A possible explanation for phase segregation during the solution phase synthesis of 
‘CH3NH3PbI1.5Br1.5’ is the loss of iodide precursors to the supernatant. ICP-MS and titration 
analyses of ‘CH3NH3PbI1.5Br1.5’ samples made by this method suggest a somewhat variable and 
batch dependent bromide-rich composition with an I:Br between 28:72 and 19:81. ICP-MS 
analysis of two supernatants from two separate batches suggests that iodide is present at 2.7 wt% 
and 4.1 wt%, with no bromide detected in either sample. This is consistent with the presence of a 
recently calculated I-Br miscibility gap in this system below 70 °C.46 Interestingly, 13C cross-
polarization MAS (CPMAS) ssNMR spectra of ‘CH3NH3PbI1.5Br1.5’ samples made by solution 
phase synthesis show two well-resolved peaks. A 13C detected proton T1 measurement showed 
distinct proton T1's for each of these peaks (see S.I.). This is consistent with macroscopic 
segregation of the two phases, since homogeneous mixing would lead to the observation of a single 
common T1. 
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Table 2. 207Pb ssNMR data and proposed compositional assignments for organolead halide perovskites. 
Synthetic Loadinga δiso (ppm) Compositional assignment(s)b Phased (%c) 
Solution phase synthesis 
‘CH3NH3PbI3’ 1423 CH3NH3PbI3 C (100) 
‘CH3NH3PbI1.5Br1.5’ 774 
361 
CH3NH3PbIBr2 
CH3NH3PbBr3 
C (26) 
A or /s (74)e 
‘CH3NH3PbBr3’ 361 CH3NH3PbBr3 C (100) 
‘CH3NH3PbBr1.5Cl1.5’ 160 
-117 
-379 
CH3NH3PbBr2.25Cl0.75 
CH3NH3PbBr1.5Cl1.5 
CH3NH3PbBr0.75Cl2.25 
D (21) 
C (56) 
D (23) 
‘CH3NH3PbCl3’ -648 CH3NH3PbCl3 C (100) 
‘CH3NH3PbI1.5Cl1.5’ 1427 
-647 
CH3NH3PbI3 
CH3NH3PbCl3 
C (n.d.) 
C (n.d.) 
Thermal annealingf 
‘CH3NH3PbI1.5Br1.5’ 778 
343 
CH3NH3PbIBr2 
CH3NH3PbBr3 
C (53) 
A or /s (47)e 
‘CH3NH3PbBr1.5Cl1.5’ 166 
-109 
-375 
CH3NH3PbBr2.25Cl0.75 
CH3NH3PbBr1.5Cl1.5 
CH3NH3PbBr0.75Cl2.25 
D (24) 
C (55) 
D (21) 
Solid phase synthesis 
‘CH3NH3PbI1.5Br1.5’ 1126 
997 
872 
CH3NH3PbI2.1Br0.9 
CH3NH3PbI1.8Br1.2 
CH3NH3PbI1.5Br1.5 
D (30) 
C (40) 
D (30) 
‘CH3NH3PbBr1.5Cl1.5’ 135 
-112 
-358 
CH3NH3PbBr2.25Cl0.75 
CH3NH3PbBr1.5Cl1.5 
CH3NH3PbBr0.75Cl2.25 
D (23) 
C (62) 
D (15) 
aHypothetical formulas calculated from synthetic loading alone. bActual compositional assignments from 
all experimental data combined. cCrystalline (C), amorphous (A), core/shell (c/s), and dopant (D) phases. 
dNMR peak integrations (n.d. = not determined). eNot the same batch; subtle differences during solution 
phase synthesis result in slightly different % values. fTo 200 °C (see Methods). 
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Figure 7. Cartoon illustrating possible compositional assignments for the mixed-halide 
perovskites ‘CH3NH3PbI1.5Br1.5’ (a or b), ‘CH3NH3PbBr1.5Cl1.5’ (c), and ‘CH3NH3PbI1.5Cl1.5’ (d) 
made by solution phase synthesis and thermal annealing (see Methods). Colored octahedra 
represent [PbX6]4- anions while black dots represent CH3NH3+ cations. C = Crystalline, A = 
Amorphous, D = Dopants, c/s = core/shell. When ‘CH3NH3PbI1.5Br1.5’ is made by solid phase 
synthesis, the crystalline phase is closer to stoichiometric and the semicrystalline bromide-rich 
(amorphous or shell) phase is not observed (see Table 2). 
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‘CH3NH3PbBr1.5Cl1.5’ made by solution phase synthesis also shows a single set of XRD 
peaks indicating the presence of a single, crystalline phase (Figure 2a). “Slow” XRD 
measurements between 29–40 degrees (2q) showed no additional peaks (see S.I.). However, 
‘CH3NH3PbBr1.5Cl1.5’ shows three 207Pb ssNMR peaks located at 160 ppm, -117 ppm, and -379 
ppm in a ca. 1:2:1 ratio (Table 2 and Figure 4). The most intense, center resonance at -117 ppm is 
halfway between pure bromide and chloride perovskites (Figure 6b); based on its chemical shift, 
and in agreement with optical and XRD data, we attribute it to crystalline CH3NH3PbBr1.5Cl1.5 
(Table 2). The other two side resonances are nearly equidistant from the center resonance; based 
on their relative chemical shifts, they could be assigned as CH3NH3PbBr2.25Cl0.75 (160 ppm), and 
CH3NH3PbBr0.75Cl2.25 (-379 ppm) (Table 2 and Figure 6b). These assignments correspond to 
individual lead coordination environments comprised of [PbBr5Cl]4- or [PbBr4Cl2]4- octahedra and 
[PbBrCl5]4- or [PbBr2Cl4]4- octahedra, respectively; because the 207Pb ssNMR peaks are broad, we 
are unable to distinguish between each of these pairs of individual assignments. These 
nonstoichiometric bromide- and chloride-rich octahedra could be present as either amorphous, 
uncrystallized impurities or as dopant sites within the main CH3NH3PbBr1.5Cl1.5 crystalline phase; 
because of their very similar peak intensities relative to each other (160 ppm, 21%; -379 ppm, 
23%), yet significantly smaller than that of the main crystalline phase (-117 ppm, 56%), we suspect 
that they exist as dopants (Figure 7c). Such isolated Br- and Cl-rich sites would not only be difficult 
to resolve by XRD, but variations in Pb-X bond lengths caused by lattice compression (for example, 
in [PbBr5Cl]4-) or elongation (for example, in [PbBrCl5]4-) could also shift the 207Pb resonances 
farther upfield and downfield, respectively, from where they could be expected based on 
composition alone.61,63,81 A possible explanation for these observations is spinodal decomposition 
of the stoichiometric Br-Cl perovskite, a well-known phenomenon where the main crystalline 
phase coexists in equilibrium with a definite amount of non-stoichiometric domains.82-85 
Finally, ‘CH3NH3PbI1.5Cl1.5’ displays two distinct, independent sets of XRD peaks along 
with two major 207Pb ssNMR peaks, the latter located at 1427 ppm and -647 ppm (Figures 2a and 
4); these data are consistent with phase segregated, crystalline CH3NH3PbI3 and CH3NH3PbCl3, 
respectively, as expected from simple crystallographic considerations (Table 2 and Figure 7d). 
Thermal annealing experiments. A possible explanation for the presence of dopants and 
amorphous phases in organolead halide perovskites relates to their ability to crystallize under 
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specific synthetic conditions. The materials initially mentioned above were synthesized at room 
temperature by precipitation from solution (Scheme 1a). To probe this issue, we subjected freshly 
 
 
Figure 8. Visual image (a), tauc plot (b), and powder XRD patterns (c) for ‘CH3NH3PbI1.5Br1.5’ 
made by solution phase synthesis as well as after thermal annealing at different temperatures (see 
Methods). Annealing at higher temperatures (≥ 250 °C) resulted in partial sample decomposition 
(see S.I.).  
 
 
27 
made mixed-halide perovskites to thermal annealing (see Methods for details). Neither 
‘CH3NH3PbI1.5Br1.5’ or ‘CH3NH3PbBr1.5Cl1.5’ shows a significant change in color or crystal 
structure between 20 °C and 200 °C, above which both materials start showing signs of thermal 
decomposition (Tdec onset ≥ 250 °C)45,86-89 (Figures 8, S7 and S8). In the case of 
‘CH3NH3PbI1.5Br1.5’, the individual powder XRD peaks become sharper upon annealing (Figure 
8), indicating an increase in single crystalline domain (Scherrer) size from 36±12 nm at 20 °C to 
68±10 nm at 200 °C. 
Critically, 207Pb ssNMR reveals that the composition of the different phases present in 
organolead mixed-halide perovskites made by solution phase synthesis remains roughly the same 
after thermal annealing up to 200 °C. The ‘CH3NH3PbI1.5Br1.5’ sample retains two resonances at 
778 ppm and 343 ppm (Table 2 and Figure 4), strongly indicating that both crystalline 
CH3NH3PbIBr2 and semicrystalline CH3NH3PbBr3, respectively, survive and are still present after 
annealing (Table 2 and Figure 6a). Increased iodide incorporation during the initial solution phase 
synthesis of the ‘CH3NH3PbI1.5Br1.5’ sample that was subjected to thermal annealing may explain 
the change in relative intensities between the 778 ppm and 343 ppm peaks. This idea is supported 
by the variable iodide wt% values measured by ICP-MS for different supernatants. Likewise, the 
‘CH3NH3PbBr1.5Cl1.5’ sample retains three resonances at 166 ppm, -109 ppm and -375 ppm with 
a 1:2:1 relative integration, which is almost identical to the sample before annealing (Figure 4 and 
Figure 6b). These data strongly support the idea that the nonstoichiometric CH3NH3PbBr2.25Cl0.75 
(166 ppm) and CH3NH3PbBr0.75Cl2.25 (-375 ppm) dopants likely form by spinodal decomposition 
and are persistent alongside the main stoichiometric phase CH3NH3PbBr1.5Cl1.5 (-109 ppm) after 
annealing. 
Solid phase synthesis. Having observed that semicrystalline, phase segregated phases and 
dopants can coexist and survive after thermal annealing, we questioned whether the persistence of 
such domains could be related to the ability of halide ions to diffuse from one solid phase to another. 
To probe this question, we sought to synthesize mixed-halide perovskites by a solid state synthesis 
that involves mixing pre-made, solid, single-halide perovskites and subjecting them to heat 
(Scheme 1b, see also Methods). 
As shown in Figure 9a, an equimolar (1:1) solid mixture of CH3NH3PbI3 and 
CH3NH3PbBr3 changes color from brown-orange at 20 °C to black after heating to 200 °C. The 
absorption edges of the two starting materials, initially present at 20 °C, begin to move closer 
 
 
28 
together and coalesce upon heating; a single absorption edge located roughly halfway between the 
two parent, single-halide perovskites is observed after heating to 200 °C (Figure 9b and 10a). 
Similarly, the two initial sets of XRD peaks corresponding to the two parent, single-halide 
perovskites move closer together and coalesce into a single set of XRD peaks after heating from 
20 °C to 200 °C (Figures 9c and 10a). Together, these data are consistent with the formation of 
‘CH3NH3PbI1.5Br1.5’ in the solid state. 
 
 
Figure 9. Visual image (a), diffuse reflectance (b), and powder XRD patterns (c) for 
‘CH3NH3PbI1.5Br1.5’ made by solid phase synthesis starting from an equimolar mixture of 
CH3NH3PbI3 and CH3NH3PbBr3 (see Methods). Heating at higher temperatures (≥ 250 °C) 
resulted in partial sample decomposition (see S.I.). 
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Figure 10. Effect of annealing temperature on the lattice parameter and band gap (a) and single 
crystalline (Scherrer) domain size (b) measured by XRD during the solid phase synthesis of 
‘CH3NH3PbI1.5Br1.5’ starting from a near equimolar mixture of CH3NH3PbI3 (solid circles) and 
CH3NH3PbBr3 (open circles) (see Methods). 
 
A closer examination of XRD data during the solid phase synthesis of ‘CH3NH3PbI1.5Br1.5’ 
reveals that heating from 20 °C to 150 °C causes an initial decrease in the average single crystalline 
domain (Scherrer) sizes of the iodide-rich phase from 96±19 nm to 29±9 nm and of the bromide-
rich phase from 110±13 nm to 32±10 nm (Figure 10b, solid and open circles, respectively). At this 
point, there is an inflection point after the two sets of peaks merge; further heating from 150 °C to 
200 °C causes a slight increase in Scherrer size of the mixed-halide phase to 52±9 nm (Figure 10b). 
We attribute these two distinct particle size regimes to interfacial nucleation (via halide 
diffusion/exchange) and growth (via coalescence) of the new mixed-halide phase.90 A very similar 
behavior is observed by optical spectroscopy and powder XRD during the solid state synthesis of 
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‘CH3NH3PbBr1.5Cl1.5’ starting from an equimolar mixture of CH3NH3PbBr3 and CH3NH3PbCl3 
solid. In this case, the inflection point between decreasing (nucleation) and increasing (growth) 
single average crystalline domain sizes is slightly lower than in the previous case, at ca. 100-150 
°C (see S.I.). In both cases, simultaneous differential thermal–thermogravimetric analyses (DTA-
TGA) showed that these solid phase reactions are accompanied by broad or ‘shallow’ endothermic 
transitions with no measurable mass loss (see S.I.). A comparison of XRD and scanning electron 
microscopy (SEM) data showed that the mixed-halide perovskites produced in this way consist of 
heavily twinned particles of comparable size and morphology to those of the parent, single-halide 
perovskites (Figure 3). 
Critically, the 207Pb ssNMR spectrum of ‘CH3NH3PbI1.5Br1.5’ prepared by solid phase 
synthesis shows not two, but one single broad resonance at 997 ppm (Table 2 and Figure 4). 
Interestingly, this peak is significantly broader (fwhm = 410 ppm) than those of the parent 
CH3NH3PbI3 and CH3NH3PbBr3 perovskites (fwhm = 240 ppm and 35 ppm, respectively) (see 
Figure 4 and S.I.); this suggests that this peak is made of multiple overlapping resonances likely 
corresponding to a range of different local lead environments within a single phase. We 
hypothesize that these sites are non-stoichiometric I- and Br-rich dopants similar to those found in 
‘CH3NH3PbBr1.5Cl1.5’ (see above). Deconvolution of the broad resonance at 997 ppm into three 
peaks suggests that the ‘CH3NH3PbI1.5Br1.5’ sample produced by solid phase synthesis is actually 
composed of CH3NH3PbI2.1Br0.9 (1126 ppm, 30%), CH3NH3PbI1.8Br1.2 (997 ppm, 40%), and 
CH3NH3PbI1.5Br1.5 (872 ppm, 30%) (Table 2 and Figure 4; see also S.I.). Experimental 
uncertainties associated with weighing equimolar amounts of starting materials may account for 
the CH3NH3PbI1.8Br1.2 crystalline product being slightly off the 1:1 halide ratio expected from 
loading alone. 
Thus, in contrast to solution phase synthesis, no amorphous CH3NH3PbBr3 is observed in 
‘CH3NH3PbI1.5Br1.5’ made by solid phase synthesis. This suggests that the specific synthetic 
procedure has a large impact on the composition and purity of the resulting mixed iodo-bromide 
organolead perovskites. In contrast to solution phase synthesis, which is carried out at 20 °C, our 
solid phase synthesis is carried at 200 °C, well above the maximum point of the miscibility dome 
proposed in the recently calculated I-Br phase diagram.46 In addition, our solid phase synthesis 
requires no solvent(s) so that no single precursor or major component is lost during sample 
isolation and purification. 
 
 
31 
In contrast to ‘CH3NH3PbI1.5Br1.5’, the 207Pb ssNMR spectrum of ‘CH3NH3PbBr1.5Cl1.5’ 
prepared by solid phase synthesis still shows three 207Pb ssNMR peaks that are very similar to 
those observed when the sample is prepared by either solution phase synthesis or thermal annealing 
methods (Figure 4). Based on the specific chemical shifts, we assign these resonances as 
CH3NH3PbBr2.25Cl0.75 (135 ppm, 23%), CH3NH3PbBr1.5Cl1.5 (-112 ppm, 62%), and 
CH3NH3PbBr0.75Cl2.25 (-358 ppm, 15%) (Table 2). Because three similar resonances are present in 
the 207Pb ssNMR spectra of all the ‘CH3NH3PbBr1.5Cl1.5’ samples studied, we conclude that the 
non-stoichiometric dopants form spontaneously (Figure 7c). These dopant sites or impurities are 
always naturally present and are persistent regardless of which specific synthetic method is used. 
 
Conclusions 
In summary, we used a combination of optical absorption spectroscopy, powder XRD and, 
for the first time, 207Pb ssNMR spectroscopy to investigate phase segregation and alloying in 
organolead mixed-halide perovskites. While crystallography alone accounts for phase segregation 
between CH3NH3PbI3 and CH3NH3PbCl3, it does not explain the true microstructure and extent of 
alloying between CH3NH3PbI3 and CH3NH3PbBr3, or between CH3NH3PbBr3 and CH3NH3PbCl3. 
Compositional assignment of multiple resonances observed in the 207Pb ssNMR spectra of 
mixed-halide perovskites unveiled the presence of nonstoichiometric impurities or “dopants”, as 
well as of semicrystalline (amorphous or nanostructured core/shell) phases, which accompany the 
main stoichiometric crystalline phase. Critically, dopants are prevalent and persistent regardless 
of whether solution phase synthesis, thermal annealing or solid phase synthesis is used to prepare 
these samples. In contrast, semicrystalline phases can form when samples are made by room 
temperature solution phase synthesis or their thermal annealing, but not by high temperature solid 
phase synthesis. 
Our thermal annealing experiments showed that the presence of dopants and 
semicrystalline phases is not related to the ability of organolead mixed-halide perovskites to 
crystallize under specific synthetic conditions. Further, solid phase synthesis experiments showed 
that ion diffusion is not a barrier to alloying in organolead halide perovskites. The formation of 
nonstoichiometric dopants is consistent with partial phase segregation caused by spinodal 
decomposition, which results in small composition fluctuations throughout the entire lattice that 
differ from the desired stoichiometric phase. In other words, these materials are composed of a 
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main stoichiometric, alloyed phase that exists in equilibrium with two nonstoichiometric, halide-
rich phases at room temperature. 
Combined with other more commonly used optical absorption spectroscopy and X-ray 
diffraction methods, 207Pb ssNMR offers unique opportunities to understand how various synthetic 
procedures affect the true composition, speciation, stability (against moisture, heat, light), and 
optoelectronic properties of these materials. Further enhancements in the efficiency and 
performance of perovskite-based photovoltaics and other energy conversion devices may thus be 
achieved through careful synthetic manipulation of such impurity phases and nanodomains. 
 
Methods 
Materials. Lead(II) iodide (99%) and lead(II) bromide (98+%) were purchased from Acros; 
lead(II) chloride (99.999%) and methylamine solution (33 wt% in ethanol) from Sigma; hydroiodic 
acid (ACS, 55-58%), hydrobromic acid (ACS, 47.0-49.0%), hydrochloric acid (ACS, 37.2%), 
N,N-dimethylformamide (99.9%), and toluene (99.9%) from Fisher; acetonitrile (HPLC Grade, 
99.8%) from EMD Millipore. All chemicals were used as received. 
Synthesis. Methylammonium halides were prepared by a modified literature procedure.91 
Briefly, Hydroiodic acid (10 mL, 0.075 mol) or hydrobromic acid (8.6 mL, 0.075 mol) or 
hydrochloric acid (6.2 mL, 0.075 mol) was added to a solution of excess methylamine (24 mL, 
0.192 mol) in ethanol (100 mL) at 0 °C, and the mixture stirred for 2 h. The mixture was 
concentrated and dried under vacuum at 60 °C for 12 h, and recrystallized from ethanol. Solution 
phase synthesis. CH3NH3PbI3 was synthesized by dissolving PbI2 (0.08 mmol) and CH3NH3I (0.24 
mmol) in acetonitrile (20 mL), followed by precipitation via the addition of excess toluene. 
CH3NH3PbBr3 and CH3NH3PbCl3 were synthesized by dissolving PbBr2 (0.2 mmol) and 
CH3NH3Br (0.2 mmol) or PbCl2 (0.2 mmol) and CH3NH3Cl (0.2 mmol) in DMF (5 mL) followed 
by precipitation via the addition of excess toluene. ‘CH3NH3PbBr1.5Cl1.5’ was synthesized using 
the same procedure as CH3NH3PbBr3 and CH3NH3PbCl3, using 0.1 mmol of each of the four solid 
precursors. ‘CH3NH3PbI1.5Br1.5’ was synthesized by dissolving PbI2 (0.072 mmol), CH3NH3I 
(0.216 mmol), PbBr2 (0.072 mmol), and CH3NH3Br (0.216 mmol) in a mixture of acetonitrile (20 
mL) and DMF (200 μL), followed by precipitation via the addition of excess toluene. 
‘CH3NH3PbI1.5Cl1.5’ was synthesized by dissolving PbI2 (0.108 mmol), CH3NH3I (0.108 mmol), 
PbCl2 (0.108 mmol), and CH3NH3Cl (0.108 mmol) in DMF (3 mL). The mixture was concentrated 
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and dried under vacuum, and the resulting solid could be annealed at 100°C for 1 h. Thermal 
annealing. Mixed-halide perovskites prepared by solution phase synthesis were subjected to 
annealing between 50-250 °C in 50 °C increments for 1 h each. Solid phase synthesis. A 
stoichiometrically desired mixture of the parent, single-halide perovskites was subjected to heating 
between 50°-200°C with 50°C increments for 1 hour each. 
Optical characterization. Diffuse reflectance spectra of solid films were measured with a 
SL1 Tungsten Halogen lamp (vis-IR), a SL3 Deuterium Lamp (UV), and a BLACK-Comet C-SR-
100 spectrometer. Samples were prepared by drop-casting toluene solutions onto glass slides. Band 
gap values were estimated by extrapolating the linear slope of tauc plots for direct band gap 
semiconductors ((absorbance  ´ excitation energy in eV)2 over excitation energy in eV).92 
Structural characterization. Powder X-ray diffraction (XRD) was measured using Cu 
Ka radiation on a Rigaku Ultima IV (40 kV, 44 mA) using a “background-less” quartz sample 
holder. Scherrer analysis was performed using a k value of 0.9. Simultaneous differential thermal 
analysis – thermogravimetric analysis (DTA-TGA) measurements were collected using a TA 
Instruments SDT 2960. After purging with N2 gas, 15 mg per sample was subjected to two heating-
cooling cycles at 20°C/min up to 200 °C, followed by cooling to 60 °C with a fan. Scanning 
electron microscopy (SEM) was performed with an FEI Quanta 250 field emission SEM at 10-
11.5 kV. Samples were prepared by deposition onto an SEM slide with carbon tape, followed by 
coating with 5 nm of iridium. 
Elemental analysis. ICP-MS data of were collected on a Thermo Scientific Element 1 
ICP-MS instrument Elemental Scientific, Inc. PFA-100 low-flow nebulizer. 10-15 mg sample was 
dissolved in 70% nitric acid and then diluted to approximately 5 ppm with a 1% nitric acid in 
deionized water solution. Titration data were collected by Galbraith Laboratories, Inc. 
207Pb ssNMR. 207Pb solid state (ss) NMR spectra were measured on a Bruker widebore 
14.1 T (600 MHz) NMR spectrometer equipped with an AVANCE-II console. All spectra were 
acquired using a 4 mm magic-angle spinning (MAS) probe in double resonance mode. Samples 
were packed into 4 mm Kel-F rotor inserts, which were then inserted into a 4 mm zirconia rotor. 
The rotor inserts were used to prevent contamination and for center packing, ensuring very little 
sample would be outside of the radiofrequency coil. The 207Pb resonant frequency was 125.55 
MHz, with the carrier frequency adjusted depending on the varying 207Pb chemical shifts of each 
sample. Pb(NO3)2 (d = -3490 ppm, 22 °C) was used as an external calibration standard. The 
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DEPTH pulse sequence93 (Bruker's standard “zgbs” pulse sequence) was used to obtain both static 
and MAS 207Pb spectra; this pulse sequence consists of an initial 90° pulse, followed by two 180° 
pulses spaced by a 2 μs delay (see S.I.). This pulse sequence eliminates very broad probe 
background 207Pb NMR signals, which are likely due to lead in the probe's soldering and 
electronics. A 90° pulse length of 3.5 μs was used, with pulse power levels calibrated on Pb(NO3)2. 
Spectra were acquired with a 2.1 ms acquisition time and a 10 s recycle delay after each scan. 
Measurements of 207Pb longitudinal relaxation times (T1) for the pure halide phases under static 
conditions showed that the 207Pb T1 was less than 1.4 s in all samples (see Table S1). Therefore, 
the recycle delay of 10 s should provide quantitative signal intensities. This is consistent with the 
short 207Pb T1’s reported in other lead-containing semiconductors.65,78,79 Static and 10 kHz spectra 
were collected over a period of 1-6 days per sample. The number of scans used for each spectrum 
is listed in the Supporting Information, and generally varied between 1.5-40k. To confirm that the 
observed 207Pb NMR spectral broadening was primarily homogeneous, selected spectra were also 
acquired at a lower magnetic field of 9.4 T under both static and MAS conditions. The 9.4 T 
experiments were performed on a Bruker widebore 400 MHz solid state NMR spectrometer 
equipped with an AVANCE III HD console. A 4 mm HXY triple resonance probe configured in a 
double resonance 1H-207Pb mode was used for experiments on the mixed-halide perovskites 
‘CH3NH3PbI1.5Br1.5’ and ‘CH3NH3PbBr1.5Cl1.5’. 4.95 µs 207Pb 90° pulse widths were used. A 1.3 
mm double resonance broadband probe was used for acquisition of 207Pb ssNMR spectra of the 
pure halide perovskites at 9.4 T. MAS 207Pb ssNMR spectra were acquired with an MAS frequency 
of 50 kHz and a rotor synchronized spin echo that had a 40 µs total duration composed of two 
rotor periods. 1.41 µs 90° and 2.81 µs 180° pulses were used. 13C CPMAS ssNMR experiments 
were performed on ‘CH3NH3PbI1.5Br1.5’ (see S.I.) with a 2.5 mm triple resonance HXY probe. 13C 
detected proton T1 measurements were performed by applying a train of saturating p/2 pulses on 
1H, followed by a variable delay, then CP transfer to 13C for detection. All 207Pb NMR spectra 
were fit to simple mixed Gaussian/Lorentzian peaks using the solid lineshape analysis (SOLA) 
module v2.2.4 included in the Bruker TopSpin v3.0 software (see S.I.). 
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Appendix of supporting information 
 
 
 
Figure S1. 207Pb ssNMR spectra of PbX2 (X = I, Br, Cl) under 5 kHz (a) and 10 kHz (b) spinning 
conditions at 22 °C.S1-S6    
 
 
 
 
Figure S2. 207Pb δiso as a function of average halogen Pauling electronegativity (a) and band gap 
(b) for PbX2 (X = I, Br, Cl).S1-S6 
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Figure S3. 207Pb ssNMR spectra of single- and mixed-halide organolead perovskites prepared by 
solution phase synthesis under static (a) and 10 kHz (b) spinning conditions at 22 °C. Solid black 
lines were fit using Bruker’s Topspin 3.0 software. Italicized formulas in quotation marks were 
calculated from synthetic loading while formulas in regular script are compositional assignments 
made from all experimental data.  
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Figure S4. Comparison of 207Pb ssNMR spectra collected at different magnetic field strengths (9.4 
T, 400 MHz or 16.4 T, 600 MHz) and rotor sample rotation rates (static samples or samples 
undergoing MAS with a frequency of 50 kHz)., Static 207Pb ssNMR spectra obtained at 9.4 T and 
16.4 T are compared for CH3NH3PbX3 (X = I, Br, Cl) and thermal annealing ‘CH3NH3PbBr1.5Cl1.5’ 
samples. A 600 MHz ssNMR spectrum for ‘CH3NH3PbBr1.5Cl1.5’ prepared by solution phase 
synthesis is included for comparison. Static and 50 kHz MAS 207Pb ssNMR spectra obtained at 9.4 
T are compared for the pure halides. In all cases, there is an improvement in resolution at higher 
field (i.e., the peak widths in ppm are reduced at higher field), consistent with homogeneous 
broadening. There are negligible differences in peak width between the static and MAS NMR 
spectra in all cases. There are slight differences in 207Pb isotropic chemical shift in the static and 
MAS ssNMR spectra due to differences in sample temperature caused by frictional heating under 
MAS. Peak widths and 207Pb relaxation time constants are summarized in Table S1. 
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Table S1. 207Pb transverse and longitudinal relaxation time constants for CH3NH3PbX3 (X = I, Br, Cl) at room temperature and a static magnetic 
field of 9.4 T (400 MHz).a 
 MAS at 50 kHz Static 
Compound T1 (ms)b T2’ (µs)c fwhm (kHz)d T2* (µs)e T1  (ms) T2’ (µs) fwhm (kHz) T2* (µs) 
CH3NH3PbI3 83 19 21.1 (0.6) 15 1069 26 25.9 (0.70) 12 
CH3NH3PbBr3 104 87 15.9 (0.91) 20 1538 63 14.4 (1.0) 21 
CH3NH3PbCl3 1657 552 3.0 (0.37) 107 1385 321 3.7 (0.75) 86 
aThe corresponding 207Pb SSNMR spectra are shown in Figure S4. bLongitudinal relaxation time constant measured with a saturation recovery 
experiment. cRefocused transverse relaxation time constant measured with a spin echo experiment (rotor was synchronized in the case of MAS). 
dFull width at half maximum (fwhm), measured by fitting the peak width of the 207Pb ssNMR spectrum to a mixed Gaussian/Lorentzian function. 
The Gaussian fraction is given in parentheses. eApparent transverse relaxation time constant where T2* = 1/(p × fwhm). 
 
 
 
Figure S5: 13C of a new sample of “CH3NH3PbI1.5Br1.5” and comparison of 207Pb ssNMR spectra 
of this sample to another representative sample of “CH3NH3PbI1.5Br1.5.” (a) 13C CPMAS ssNMR 
spectrum of the new sample of “CH3NH3PbI1.5Br1.5” obtained using a 2.5 mm rotor under 18 kHz 
MAS with 512 scans and a 30 second recycle delay. A 13C detected 1H saturation recovery 
experiment was performed to measure the proton T1’s associated with the two observed 13C peaks. 
The observation of distinct proton T1’s suggests that there are multiple segregated domains within 
the sample. The saturation recovery curves where fit to the equation S(t)=S(0)[1-exp(-t/T1)] to 
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obtain the T1 values. (b) Static 207Pb ssNMR spectra of two different samples of 
“CH3NH3PbBr1.5I1.5”. The spectrum of the original sample was obtained using a 4 mm rotor and 
the DEPTH pulse sequence. Due to a lower 207Pb rf field (4.95  µs 90 and 9.90 µs 180 pulses) the 
spectrum of the original sample was obtained by co-adding 207Pb ssNMR spectra acquired with 
transmitter offsets of 400 ppm (4640 scans) and 900 ppm (5888 scans) ppm. The spectrum with 
an offset of 400 ppm was scaled by 1.269 before co-addition of the different pieces to account for 
differences in the number of scans. The spectrum of the second sample was obtained with a single 
transmitter offset. A 2.5 mm rotor and a spin echo pulse sequence with a total echo delay of 33.3 
µs, 16384 scans and 3.05 µs 90° and 6.10 µs 180° pulses was used. In both cases a 10 s recycle 
delay was used. 
 
 
 
Figure S6. Powder XRD measurements collected on ‘CH3NH3PbBr1.5Cl1.5’ made by solution 
phase synthesis between 2q = 29-40 degrees as a function of scan rate (0.0126 degrees/min, 0.0005 
degrees/step, 27500 points over 15 h (top) vs. 1 degree/min, 0.02 degrees/step, 550 points over 11 
min (second from top). The standard bulk powder XRD patterns reported for cubic CH3NH3PbBr3 
(third from top) and cubic CH3NH3PbCl3 are shown for comparison (bottom). 
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Figure S7. Visual image (a), diffuse reflectance (b), tauc plot (c), band gap (d), and powder XRD 
data (e) for ‘CH3NH3PbI1.5Br1.5’ made by thermal annealing to different temperatures (see 
Methods). Annealing to 250 °C results in partial decomposition to PbIBr. 
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Figure S8. Visual image (a), diffuse reflectance (b), tauc plot (c), band gap (d), and powder XRD 
data (e) for ‘CH3NH3PbBr1.5Cl1.5’ made by thermal annealing at different temperatures (see 
Methods). 
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Figure S9. Visual image (a), diffuse reflectance (b), tauc plot (c), band gap (d), and powder XRD 
data (e) for ‘CH3NH3PbI1.5Br1.5’ made by solid phase synthesis starting from an equimolar mixture 
of CH3NH3PbI3 and CH3NH3PbBr3 (see Methods). Annealing to 250 °C results in partial 
decomposition to PbI2. 
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Figure S10. Visual image (a), diffuse reflectance (b), tauc plot (c), band gap (d), and powder XRD 
data (e) for ‘CH3NH3PbBr1.5Cl1.5’ made by solid phase synthesis starting from an equimolar 
mixture of CH3NH3PbBr3 and CH3NH3PbCl3 (see Methods). The absorption edge of 
CH3NH3PbCl3 is hard to see because of lower instrument spectral sensitivity at shorter 
wavelengths (see Figure S11 below). 
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Figure S11. The absorption edge of excess CH3NH3PbCl3 (arrow on top spectrum) is clearly 
observed in a 10:1 mixture of CH3NH3PbCl3 and CH3NH3PbBr3. 
 
 
 
 
 
Figure S12. Lattice parameter (a) and single crystalline size (b) for ‘CH3NH3PbI1.5Br1.5’ made by 
thermal annealing as a function of temperature (see Methods). An increase in single crystalline 
size due to particle coalescence occurs above 150 °C.  
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Figure S13. Lattice parameter (a) and single crystalline size (b) for ‘CH3NH3PbBr1.5Cl1.5’ made 
by thermal annealing as a function of temperature (see Methods). An increase in single crystalline 
size due to particle coalescence starts occurring above 100-150 °C. 
 
 
 
 
Figure S14. Lattice parameter (a) and single crystalline size (b) for ‘CH3NH3PbI1.5Br1.5’ made by 
solid phase synthesis starting from an equimolar mixture of CH3NH3PbI3 (solid circles) and 
CH3NH3PbBr3 (hollow circles) as a function of temperature (see Methods). The two sets of XRD 
peaks merge into one near 200 °C (a). Following an initial steady decrease in single crystalline 
size due to nucleation of the new mixed-halide phase, particle coalescence leads to larger single 
crystalline sizes above 150 °C (b). 
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Figure S15. Lattice parameter (a) and single crystalline size (b) for ‘CH3NH3PbBr1.5Cl1.5’ made 
by solid phase synthesis starting from an equimolar mixture of CH3NH3PbBr3 (hollow circles) and 
CH3NH3PbCl3 (solid circles) as a function of temperature (see Methods). The two sets of XRD 
peaks become one near 150 °C (a). After a sudden decrease in single crystalline size due to 
nucleation of the new mixed-halide phase at 50-100 °C, particle coalescence leads to larger single 
crystalline sizes above 100-150 °C (b). 
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Figure S16.  Simultaneous differential thermal analysis–thermogravimetric analysis (DTA–TGA) 
measurements (a, c), and DTA vs. time plots (b, d) for the solid phase synthesis of 
‘CH3NH3PbI1.5Br1.5’ (a, b) and ‘CH3NH3PbBr1.5Cl1.5’ (c, d) from an equimolar mixture of the 
parent halides (20 °C/min ramp rate, see Methods).  
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Figure S17. Full width at half maximum (fwhm) of the 207Pb ssNMR peaks as a function of 
perovskite composition. The only 207Pb resonance observed for ‘CH3NH3PbI1.5Br1.5’ made by solid 
phase synthesis is clearly too broad (has a very large fwhm) compared to the 207Pb resonances 
observed for all other perovskite samples, indicating that it is a composite of multiple unresolved 
peaks corresponding to different lead environments. 
 
 
Figure S18. Deconvolution of the broad 207Pb ssNMR peak observed for ‘CH3NH3PbI1.5Br1.5’ 
made by solid state synthesis (see Methods).  
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Figure S19. DEPTH pulse sequence consisting of an initial 90° pulse followed by two 180° pulses 
spaced by a 2 µs delay to eliminate 207Pb probe background signals. 
 
 
 
Table S2. 207Pb ssNMR data for organolead halide perovskites. 
Synthetic loadinga δiso (ppm) Linewidth (Hz)b xG/(1-x)Lb %overlapb Compositional assignment(s)c 
Phased 
(%e) 
Solution phase synthesis 
‘CH3NH3PbI3’ 1423 29425 0.9152 93.7 CH3NH3PbI3 C (100) 
‘CH3NH3PbI1.5Br1.5’ 774 34300 0.0000 
88.9 
CH3NH3PbIBr2 C (26) 
 361 21456 1.0000 CH3NH3PbBr3 A (74)f 
‘CH3NH3PbBr3’ 361 16956 0.9867 93.3 CH3NH3PbBr3 C (100) 
‘CH3NH3PbBr1.5Cl1.5’ 160 16697 1.0000 
93.7 
CH3NH3PbBr2.25Cl0.75 D (1) 
 -117 13922 1.0000 CH3NH3PbBr1.5Cl1.5 C (56) 
 -379 14158 1.0000 CH3NH3PbBr0.75Cl2.25 D (23) 
‘CH3NH3PbCl3’ -648 3902 0.8542 90.7 CH3NH3PbCl3 C (100) 
‘CH3NH3PbI1.5Cl1.5’ 1427 29384 1.0000 86.0 CH3NH3PbI3 C (n.d.) 
 -647 4924 1.0000 64.9 CH3NH3PbCl3 C (n.d.) 
Thermal annealingg 
‘CH3NH3PbI1.5Br1.5’ 778 25398 1.0000 
90.4 
CH3NH3PbIBr2 C (53) 
 343 19029 0.9152 CH3NH3PbBr3 A or /s (47)f 
‘CH3NH3PbBr1.5Cl1.5’ 166 17202 0.5569 
91.8 
CH3NH3PbBr2.25Cl0.75 D (24) 
 -109 14157 0.6782 CH3NH3PbBr1.5Cl1.5 C (55) 
 -375 12255 0.5589 CH3NH3PbBr0.75Cl2.25 D (21) 
Solid phase synthesis 
‘CH3NH3PbI1.5Br1.5’ 1126 25235 0.0000 
93.4 
CH3NH3PbI2.1Br0.9 D (30) 
 997 24904 0.5342 CH3NH3PbI1.8Br1.2 C (40) 
 872 27199 0.2117 CH3NH3PbI1.5Br1.5 D (30) 
‘CH3NH3PbBr1.5Cl1.5’ 135 15111 1.0000 
89.8 
CH3NH3PbBr2.25Cl0.75 D (23) 
 -112 13829 1.0000 CH3NH3PbBr1.5Cl1.5 C (62) 
 -358 9806 0.0349 CH3NH3PbBr0.75Cl2.25 D (15) 
aHypothetical formulas calculated from synthetic loading alone. bFitting parameters obtained from Bruker Topspin 3.0. cActual compositional 
assignments determined from all experimental data combined. d Crystalline (C), amorphous (A), core/shell (c/s), dopant (D). eNMR peak 
integrations (n.d. = not determined). fNot the same batch; subtle differences during solution phase synthesis result in slightly different % values. 
gTo 200 °C (see Methods). 
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207Pb ssNMR: The number of scans for each sample were: CH3NH3PbI3 (14483 (static) and 16255 
(10 kHz)), ‘CH3NH3PbI1.5Br1.5’ (34222 (static) and 40511 (10 kHz)), CH3NH3PbBr3 (2375 (static) 
and 6144 (10 kHz)), ‘CH3NH3PbBr1.5Cl1.5’ (23411 (static) and 27156 (10 kHz)), and 
CH3NH3PbCl3 (6137 (static) and 1572 (10 kHz)). The chemical shift dispersion for 
‘CH3NH3PbI1.5Cl1.5’ was large, so both the static and 10 kHz spectrum consisted of two separate, 
overlapping spectra. The signal to noise ratio of the region corresponding to CH3NH3PbI3 was 
improved by doubling the number of scans relative to the number of scans used for the 
CH3NH3PbCl3 region and then dividing by 2 (static: 18266 CH3NH3PbI3 region and 9133 
CH3NH3PbCl3 region, 10kHz:  16942 CH3NH3PbI3 region and 8471 CH3NH3PbCl3 region). The 
number of scans for ‘CH3NH3PbBr1.5Cl1.5’ prepared by thermal annealing was 15820. The same 
‘CH3NH3PbBr1.5Cl1.5’  sample that was used for the 14.1 T measurements was used for the 9.4 T 
measurements (5712 scans). The ‘CH3NH3PbI1.5Br1.5’ sample prepared by thermal annealing was 
analyzed on the 400 MHz NMR by stepping the transmitter frequency across the spectral region 
to obtain 2 spectra that were combined into one spectrum (4640 scans 900 ppm, 5888 scans 400 
ppm).  The number of scans for mixed-halide perovskite samples prepared by solid phase synthesis 
were: ‘CH3NH3PbI1.5Br1.5’ (17270) and ‘CH3NH3PbBr1.5Cl1.5’ (7953). Number of scans, echo 
delays and recycle delays for the pure perovskite data obtained on the 9.4 T (400 MHz) shown in 
Figure S4 are as follows. 50 kHz (all had a 40 µsecond echo delay): CH3NH3PbI3 (16384 scans & 
0.1 second delay), CH3NH3PbBr3 (8192 scans & 0.156 second delay), and CH3NH3PbCl3 (4096 
scans & 1 second delay). Static: CH3NH3PbI3 (16384 scans, 33.3 µsecond echo delay & 1.39 
second delay), CH3NH3PbBr3 (8192 scans, 20 µsecond echo delay & 2 second delay), and 
CH3NH3PbCl3 (512 scans, 33.3 µsecond echo delay & 2.158 second delay). 
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Abstract 
 Lead halide perovskites have drawn enormous interest due to their exceptional photovoltaic 
and optoelectronic properties. However, the toxic heavy metal lead is harmful to humans and the 
environment resulting in a need for strategies to replace this toxic element. Herein, we report a 
facile aqueous synthesis of CsGeX3 (X = I, Br) perovskite nanocrystals with size control achieved 
by varying the cysteammonium halide ligand concentration. We observe a variety of morphologies 
including pyramidal, hexagonal, and spheroidal. CsGeX3 nanocrystals undergo a lattice expansion 
due to partial replacement of Cs+ with larger cysteNH3+ cations into the lattice. We successfully 
dope Mn2+ into the CsGeX3 lattice for the first time with incorporation up to 29% in bulk and 16% 
in nano samples. XRD peak shifts and EPR hyperfine splitting strongly indicate that Mn2+ is doped 
into the lattice. Our results introduce a new member to the lead-free halide perovskite family and 
set the fundamental stage for their use in optoelectronic devices. 
 
Introduction 
Halide perovskites of the general formula ABX3 (A = methylammonium (CH3NH3+), 
formamidinium (CH(NH2)2+), guanidinium (C(NH2)3+), Cs+, Rb+, or K+; B = Pb2+, Sn2+, Ge2+; X 
= I-, Br-, or Cl-) are a re-emerging class of semiconductors that are under intense research due to 
their excellent optoelectronic properties, which are easily tunable by varying their elemental 
composition and structure.1 Lead-based halide perovskites, in particular, demonstrate exceptional 
photovoltaic properties, having achieved a certified 23.3% power conversion efficiency for thin 
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films2 in less than a decade of research,3 and holding the current quantum dot solar cell record of 
15.07%.4 Lead halide perovskites are composed of Earth abundant elements and are easily 
processed from solution, leading to compatibility with roll-to-roll and other high-volume 
manufacturing techniques.5 Nanocrystalline versions of these materials also exhibit long carrier 
lifetimes, tunable emission energies over the entire visible spectrum, and high quantum yields. 
This has led to further research into their photoluminescence properties,6-10 as well as their use in 
light-emitting devices11 and low-threshold lasers.12-15 
Despite these wonderful properties, lead is a toxic heavy metal that is detrimental to the 
nervous and reproductive systems of humans and also raises concerns over environmental 
compatibility.16-19 Intense research is ongoing to replace lead with other non-toxic, Earth-abundant 
elements.20-28 Despite some of its compounds exhibiting residual toxicity, germanium is a 
comparatively benign replacement for lead in halide perovskites.29-31 Germanium halide 
perovskites exhibit a corner-sharing [GeI6]4- octahedral network similar to that observed in the 
lead halide perovskites. While CsGeCl3 retains the classical cubic perovskite unit cell, both 
CsGeBr3 and CsGeI3 possess a rhombohedral distortion caused by a second-order Jahn-Teller 
effect (Figure 1).32-34 This Jahn-Teller distortion results in octahedra containing two different Ge–
X bonds, where three bonds are longer than the rest (Figure 1d).40 Despite this lattice distortion 
and a large change in divalent metal ionic radii, the band gap values of germanium halide 
perovskites exhibit only minor differences when compared to those of the lead halide perovskites 
(see Supp. Info.). Moreover, AGeX3 perovskites exhibit many beneficial properties such as direct 
band gaps35-37 tunable between 1.6–3.7 eV,36,38-40 strong absorption coefficients,38,41-43 large 
dielectric constants,44 small effective masses,43 non-linear optical behavior,45,46 strong ferroelectric 
polarization,41 and a ns2 electron configuration commonly found in defect tolerant 
semiconductors.47 Surprisingly, even though they exhibit so many desirable properties, the 
synthesis of germanium halide perovskites is relatively unexplored compared to other lead-free 
halide perovskites, with only a few reports on photovoltaic devices48-50 and one recently on 
nanocrystals.51 
 
 
 
66 
 
Figure 1. Unit cells of cesium germanium halide perovskites. CsGeCl3 (a), CsGeBr3 (b), CsGeI3 
(c). Rhombohedral distortion in CsGeI3 and CsGeBr3 (d). 
 
Metal doping can expand the application of semiconductor nanocrystals by introducing 
new or modifying existing electronic, optical and magnetic properties.52-55 Recently, significant 
research focused on doping metal halide perovskites with transition or main group metals.56-58 
Doping with up to 46% Mn2+ is currently possible,59  leading to modified magnetic and optical 
properties.60-64 Mn2+-doping enhances stability,65-67 increases quantum yield to 60%,68 and results 
in long exciton lifetimes.69,70 These enhanced properties are useful for LEDs67,71 and solar cell 
downconverters.72 
Herein, we report the synthesis and optical properties of CsGeX3 (X = I, Br) nanocrystals 
with size control achieved by varying the ligand concentration. We demonstrate the first successful 
Mn2+-doping into the germanium halide perovskite lattice. We observe systematic lattice 
expansion with increasing Mn2+ synthetic loading, which is consistent with larger Mn2+ ions 
replacing smaller Ge2+ in the lattice. These results present a leap forward in the synthesis of lead-
free metal halide perovskites. 
 
Results and discussion 
Aqueous Nanocrystal Synthesis. We successfully prepared CsGeX3 (X = I, Br) nanocrystals 
by introducing short-chain cysteammonium halide (HSCH2CH2NH3X, cysteNH3X) to a previously 
reported aqueous synthesis of bulk CsGeI340 (Scheme 1). This synthesis employs GeO2 and H3PO2 
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as Ge(IV) source and chemical reductant, respectively. Reaction of GeO2 with HX produces GeX4 
as a partially soluble intermediate (see S.I.).40 Reduction of the latter with H3PO2 produces highly 
soluble yellow form of Ge(II). In the absence of cysteNH3X, this synthesis produces CsGeX3 
crystals with a size greater than 100 nm as determined from XRD peak widths using the Scherrer 
equation (Figure 2 and Table 1). Introducing cysteNH3X at concentrations up to 2.50 M for CsGeI3 
and 3.33 M for CsGeBr3 reduces the Scherrer size to 26±2 nm and 50±5 nm, respectively. 
CysteNH3X concentrations beyond these values and attempts to synthesize CsGeCl3 did not yield 
a precipitate (see Experimental). 
 
 
Table 1. Synthesis of CsGeX3 (X = I, Br) Nanocrystals.[a] 
Compound [Ligand] (M) XRD Size (nm)[b] TEM Size (nm) Eg (eV)[c] 
CsGeI3 0 >100 50–500µm[d] 1.61 
 0.05 78±4 - 1.62 
 0.50 63±12 79±26 1.64 
 2.50 26±2 34±8 1.66 
     
CsGeBr3 0 >100 - 2.37 
 0.67 89±19 - 2.41 
 3.33 50±5 53±10 2.41 
[a][Ge+] = [Cs+] = 0.05 M for all reactions. [b]Scherrer equation. [c]From Tauc plots. [d]From SEM. 
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Scheme 1. Synthesis of CsGeX3 Nanocrystals. 
 
 
Figure 2. Powder XRD patterns of CsGeI3 (a) and CsGeBr3 (b) nanocrystals synthesized with 
different cysteNH3X concentrations. 
 
We characterized the size, morphology, and elemental composition of CsGeX3 
nanocrystals by scanning and transmission electron microscopy (SEM and TEM). SEM analysis 
of samples grown in the absence of cysteNH3X show large 50–500 µm microcrystals with various 
morphologies (Figure 3). In agreement with XRD, TEM shows that introducing cysteNH3X at 
concentrations up to 2.50 M for CsGeI3 and 3.33 M for CsGeBr3 decreases and narrows their size 
distributions to 34±8 nm and 53±10 nm, respectively. Morphologies range from pyramidal and 
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hexagonal for CsGeI3 to spheroidal for CsGeBr3 nanocrystals. Selected area electron diffraction 
(SAED) analysis is consistent with the rhombohedral structure of CsGeI3 nanocrystals. Energy 
dispersive X-ray spectroscopy (EDS) confirms the presence of all three elements with atomic 
percentages of 15±1% for Cs, 27±2% for Ge and 57±1% for I, roughly consistent with a Cs:Ge:I 
ratio of 1:1.8:3.8. High-resolution TEM shows lattice fringes with a d spacing of 3.425 Å, which 
is consistent with the (021) lattice planes of CsGeI3. 
 
 
 
Figure 3. Representative SEM (a), TEM (b-c), and size distribution histograms (e) of CsGeI3 
synthesized with different cysteNH3X concentrations. SAED (d) of CsGeI3 synthesized with 
[cysteNH3X] = 0.5 M. HRTEM image (f) of a CsGeI3 nanocrystal showing lattice fringes along 
the (021) direction. TEM (g) of CsGeBr3 synthesized with [cysteNH3X] = 3.33 M. 
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Optical Properties. Diffuse reflectance measurements and Tauc plots show that the band 
gap of CsGeI3 nanocrystals shifts from 1.61 eV to 1.66 eV as the cysteNH3X concentration 
increases, while CsGeBr3 nanocrystals maintain a band gap of 2.41 eV (Figure 4). We considered 
a couple possibilities that could explain the band gap shift observed in the CsGeI3 case, namely: 
quantum confinement or ion replacement. To determine whether the observed change in band gap 
was caused by quantum confinement, we estimated the effective excitonic Bohr radius of CsGeI3 
nanocrystals. In effective mass theory,73 the effective Bohr radius of a Wannier-Mott exciton can 
be determined from  𝑎∗ = 	2𝑎&𝜀((*+*, + *+*.), where the hydrogen Bohr radius is a0 = 0.0529 nm, 
the effective dielectric constant is ε∞ = 5.0, the electron-hole reduced effective masses are mh/m0 
= 0.2, and me/m0 = 0.4 (Z → L)  or 0.2 (Z → Γ).74  Using these values, we estimated the effective 
Bohr radius to be 4–5 nm. However, because our smallest crystal size (34±8 nm) is larger than the 
estimated Bohr radius (4–5 nm), it is unlikely that the observed band gap change is caused by 
quantum confinement. Therefore, we conclude that the most likely explanation for the slight 
change in band gap observed for CsGeI3 stems from partial replacement of Cs+ by cysteNH3+ 
cations. Based on crystallographic data available,75 we estimate the size of the cysteNH3+ cation 
to be 283 pm, which is comparable to the size of very commonly incorporated guanidinium 
(C(NH2)3+, 274 pm) cation.76 
In contrast to recently reported carboxylate-capped CsGeI3 nanocrystals,51 CsGeI3 
nanocrystals prepared by our method unfortunately do not exhibit photoluminescence (PL) 
emission. However, CsGeBr3 nanocrystals exhibit a weak PL peak at 500 nm, whose intensity 
increases with the introduction of cysteNH3X, with a highest quantum yield of 0.34%. 
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Figure 4. Diffuse reflectance spectra (a) and Tauc plots (b) of CsGeI3 nanocrystals. Tauc plots (c) 
and PL spectra (d) of CsGeBr3 nanocrystals synthesized with different cysteNH3X concentrations 
(lexc = 350 nm). 
 
Manganese Doping. We successfully incorporate Mn2+ into the CsGeX3 (X = I, Br) lattice 
by introducing MnO or MnX2 at the beginning of the reaction (Scheme 2, see below). Mn2+-doped 
samples exhibit similar optical properties and morphologies as undoped CsGeX3. This observation 
is consistent with Mn2+-doped CsPbI3 and CsPbBr3 nanocrystals.57,65,77 Tauc plots show that all 
absorption edges appear around 1.6 eV, indicating that Mn2+ doping has a limited effect on the 
electronic structure of CsGeX3. No photoluminescence is observed from Mn2+ dopants because 
the CsGeX3 band gaps are lower than the Mn2+ emission energies.65,77  
Powder XRD shows that the CsGeX3 structure is maintained across different synthetic 
Mn2+ loadings. XRD peaks of Mn2+-doped bulk and nano  CsGeX3 samples, calibrated to Si as an 
internal standard are slightly shifted to lower angles with increased synthetic Mn2+ loading (Figure 
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5 and S.I.). The small XRD peak shifts are consistent with reports of Mn2+ doping into CsPbX3 
even at high doping levels.57,65,78 The shift to lower 2q angles is consistent with lattice expansion 
due to 6-coordinate replacement of Ge2+ ion (87 pm) with the larger high-spin Mn2+ ion (97 pm, 
see below).79 X-band EPR spectra of Mn2+-doped bulk and nano CsGeX3 at 10 K exhibit a sextet 
hyperfine signal that confirms the presence of isolated high-spin Mn2+ ions (Figure 6).57 Mn2+ ions 
occupying a rhombohedrally-distorted site cause extra splitting of this sextet hyperfine signal with 
additional weaker splittings observed outside the central +1/2 à -1/2 transition.80 However, in 
cases where the complex is nearly octahedral, only the central +1/2 à -1/2 transition is observed.80 
We do not observe these extra weaker transitions in our spectra, likely because the rhombohedral 
distortion in germanium halide perovskites is relatively small (in fact, CsGeCl3 is completely 
cubic). However, our observed extra splitting of the +1/2 à -1/2 transitions is consistent with a 
rhombohedral distortion and strongly indicates that Mn2+ is doped into the germanium halide 
perovskite lattice.80 Interestingly, a similar observation is observed for Mn2+-doped CsPbCl3 at 
low temperatures that induce phase transitions to lower symmetry structures.81 The hyperfine 
splitting constants of 90–96 G are larger than the 86–87 G values recently observed for Mn2+-
doped CsPbCl3,60,63,64,66,78,81,82 which is consistent with the higher lattice ionicity of germanium 
halide perovskites.83 
Considering Vegard’s Law, 84,85 we estimate we can incorporate Mn2+ ions up to 29% in 
bulk—and up to 16% in nanocrystalline samples—(Figure 5). Here, we note that the lattice 
parameter of undoped nano CsGeX3 is slightly larger than that of undoped bulk CsGeX3. As noted 
above, this lattice expansion is likely caused by partial replacement of Cs+ (181 pm)79 with larger 
cysteNH3+ (274 pm) cations into the lattice. In all cases, the actual Mn2+ incorporation is lower 
than the synthetic Mn2+ loading, which indicates that Ge2+ is preferentially incorporated into the 
CsGeX3 lattice. This is consistent with previous reports on Mn2+-doped CsPbX3 nanocrystals, 
whose fast nucleation kinetics86 reduces Mn2+ incorporation.59-61,63,65,68 Interestingly, the chemical 
yield systematically decreases with increasing synthetic Mn2+ loading, likely because the parent 
CsMnX3 compound is too soluble in water and fails to precipitate (see S.I.).87 
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Scheme 2. Manganese Doping of CsGeX3. 
 
 
Figure 5. Powder XRD patterns (a) of Mn2+-doped CsGeI3 nanocrystals synthesized with 
[cysteNH3X] = 0.50 M and different synthetic Mn2+ loading. Asterisks (*) denote silicon powder 
used as an internal standard. Shift in lattice parameter as a function of synthetic Mn2+ loading (b). 
 
 
Figure 6. X-band EPR spectra of Mn2+-doped CsGeX3 collected at 10 K. 
(1-x) GeO2 + x MnO + CsX + cysteNH3X                         Cs(Ge/Mn)X3HX, H3PO2
120 °C, 10 s
(unbalanced)X = I, Br
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Conclusions 
Concerns over the toxicity of lead towards the human nervous and reproductive systems as 
well as the environment have led to intense research aimed at replacing this toxic heavy metal with 
other elements. We report a facile aqueous synthesis of CsGeX3 (X = I, Br) nanocrystals that are 
size tunable as low as 34±8 nm for CsGeI3 and 53±10 nm for CsGeBr3, specifically by varying the 
cysteammonium halide ligand concentration. The structure of these nanocrystals undergoes lattice 
expansion compared to their bulk counterparts, due to partial replacement of Cs+ with the larger 
cysteNH3+ cation. Based on the calculated Bohr radius of CsGeI3, we attribute a small observed 
band gap increase not to quantum confinement, but rather to cysteNH3+ incorporation. TEM shows 
that nanocrystal morphologies range from pyramidal and hexagonal for CsGeI3 to spheroidal for 
CsGeBr3. 
We report here the first successful Mn2+-doping of germanium halide perovskites. XRD 
peak shifts and EPR hyperfine splitting strongly indicate that Mn2+ is doped into the lattice with 
an incorporation of up to 29% in bulk and 16% in nanocrystalline samples. Mn2+-doping seems to 
have a limited effect on the optical properties of CsGeX3, which is consistent with similar reports 
on CsPbX3 compounds. We believe that the results reported here will help advance the 
fundamental study of lead-free perovskites and move toward their application to optoelectronic 
devices. 
 
Methods 
Materials. Germanium(IV) oxide (≥99.99%), cesium iodide (99.999%), hydriodic acid 
(ACS, 55%), hydrobromic acid (ACS, 48%) and cysteamine (95%) were purchased from Sigma-
Aldrich; cesium bromide (99.9%-Cs), manganese(II) oxide (99%), manganese(II) iodide (98+%) 
and silicon powder (99+%) from Strem; hypophosphorous acid (50% w/w aqueous solution) from 
Alfa Aesar. All chemicals used as received. 
Synthesis. Cysteammonium Halide (CysteNH3X) Stock Solution. Cysteamine (771 mg, 10 
mmol) was mixed with hydrohalic acid solution (1.4 mL, 7.3 M for HI or 1.4 mL, 8.8 M for HBr). 
Synthesis without Added Ligands. Cesium germanium halide perovskites were prepared by a 
slightly modified literature procedure.40 Briefly, germanium(IV) oxide (10.5 mg, 0.1 mmol), 
hydrohalic acid (0.7 mL of 7.3 M HI or 0.6 mL of 8.8 M HBr), and hypophosphorous acid (0.25 
mL of 9.1 M) were stirred at 120 °C until the mixture became homogeneous. Cesium halide (0.3 
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mL of 0.3 M in ultrapure water) was injected at 120 °C and then the solution was immediately 
cooled to 0 °C using an ice-water bath until black (CsGeI3) or orange (CsGeBr3) precipitate was 
formed. The precipitate was collected by centrifugation for 5 min at 4500 rpm then kept under an 
inert atmosphere to prevent oxidation of Ge2+.40 Germanium Halide Perovskite Nanocrystals. 
Samples were prepared as above except cysteammonium halide stock solution (0.2 mL, 7.3 M) 
was added initially with other reagents. Addition of cysteammonium causes the formation of an 
orange precipitate that re-dissolves upon addition of cesium halide. Manganese Doping. Samples 
were prepared as above except germanium(IV) oxide was partially replaced with the desired 
synthetic loading of manganese oxide or halide. 
Structural Characterization. Powder X-ray diffraction (XRD) data were measured using 
Cu Kɑ radiation on a Rigaku Ultima IV (40 kV, 44 mA) instrument with samples deposited on a 
“background-less” quartz slide. Transmission electron microscopy (TEM) images were collected 
on an FEI Tecnai G2 F20 field emission microscope operating up to 200 kV with a point-to-point 
resolution of less than 0.25 nm and a line-to-line resolution of less than 0.10 nm. Dilute sample 
solutions in toluene were dropped onto carbon-coated copper grids. Elemental composition was 
assessed by energy-dispersive spectroscopy (EDS). Size histograms were generated by measuring 
the longest edge of more than 300 crystals per trace. 
Optical Characterization. Diffuse reflectance spectra of solid films were measured with 
a SL1 Tungsten Halogen lamp (vis-IR), a SL3 Deuterium Lamp (UV), and a BLACK-Comet C-
SR-100 Spectrometer. Samples were prepared by drop-casting toluene solutions onto glass. 
Steady-state photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon Nanolog 
scanning spectrofluorometer equipped with a photomultiplier detector. Relative PL quantum 
yields (QYs) were measured against the Coumarin 460 dye using standard procedures. 
Other Characterization. Electron Paramagnetic Resonance (EPR) spectra were 
measured using an ELEXYS E580 EPR Spectrometer (Bruker BioSpin) equipped with an SHQE 
resonator and an Oxford ESR900 cryostat at a temperature of 10 K. The samples were dispersed 
in ethanol, placed in a 4 mm quartz tube, and frozen in liquid N2 prior to insertion into the cryostat. 
Typical spectra were acquired with a sweep width of 5000 G, 2048 points, 8 G amplitude 
modulation, and 1.986 mW microwave power. Simulations were performed using the “pepper” 
function of the computational package EasySpin that operates in MATLAB. 
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Appendix of supporting information 
 
Table S1. Comparison Between Pb- and Ge-Based Perovskites. 
Compound Eg (eV) Bohr Radius (nm) 
CsGeCl3 3.67 - 
CsGeBr3 2.36 - 
CsGeI3 1.60 4–5 (this study) 
CsPbCl3 3.0 5 
CsPbBr3 2.2 7 
CsPbI3 1.7 12 
CH3NH3PbCl3 3.1 - 
CH3NH3PbBr3 2.3 2 
CH3NH3PbI3 1.6 2.2 
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Figure S1. Band gap comparison of germanium and lead halide perovskites. 
 
 
Scheme S1. Synthesis of Bulk CsGeI3. 
 
 
 
Figure S2. (a) Powder XRD, (b) SEM, (c) diffuse reflectance, and (d) Tauc plot of bulk CsGeI3. 
GeO2 + CsX                                  CsGeX3HX, H3PO2
120 °C, 10 s
(unbalanced)X = I, Br
 
 
88 
 
 
Figure S3. Powder XRD of the orange precipitate obtained soon after GeO2 is added into the acidic 
solution. This orange solid then re-dissolves at 120 °C to form a transparent yellow solution. This 
result shows that GeI4 is an intermediate that initially forms from the reaction between GeO2 and 
HI, followed by reduction with H3PO2 to produce a highly soluble form of Ge2+. 
 
 
 
 
Figure S4. Unit cells of (a) hexagonal CsMnI3, (b) CsMnI3 simulated with the rhombohedral 
CsGeI3 structure, and (c) zoomed in view showing the octahedral Mn(II) coordination geometry 
of the small cube in (b). CsGeI3 has a rhombohedral structure with a = 8.3582 Å and c = 10.6098 
Å. High spin octahedral Mn2+ has an ionic size of 0.97 Å whereas the diameter of Ge2+ is 0.87 Å. 
Assuming the central atoms in the octahedra are in contact with the surrounding halide anions, by 
substituting Ge2+ with Mn2+, this will expand the octahedra by 0.1 Å. This leads to an expansion 
of the edge of the small cube in (c) by 0.1 Å. Because the longer edge c in (b) is the space diagonal 
 
 
89 
of the small cube in (c), 0.1 Å expansion of the octahedron will result in an expansion of 0.1 Å × √3 = 0.1732 Å for the longer edge c, which gives the length of c axis 10.6098 Å + 0.1732 Å = 
10.7830 Å. Because the simulated CsMnI3 retains the structure of CsGeI3, they should have the 
same value of c/a, which is 1.2694. Therefore, the shorter edge of the simulated CsMnI3 should be 
8.4946 Å. 
 
 
 
 
Figure S5. Unit cell of cysteammonium chloride. The volume of cysteammonium chloride unit 
cell is V(unit cell) = 560  Å3 and Z = 4. Radius of Cl- is 1.67 Å. If we assume cysteammonium 
cations and chloride anions are spheres, the volume of one cation should be V(HSCH2CH2NH3 +) 
= V(unit cell)/4 -V(Cl-) = 120.5 Å3. Therefore, the radius of cysteammonium cation should be 283 
pm. 
 
 
Figure S6. (a) PL with lexc = 350 nm and (b) representative PLE with ldetect = 517 nm of CsGeBr3 
nanocrystals synthesized with different cysteNH3Br concentrations. 
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Figure S7. (a) Powder XRD, (b) zoomed in view showing XRD peak shifts, and (c) lattice 
parameter shift of Mn2+-doped bulk CsGeI3 crystals as a function of synthetic Mn2+ loading. 
Asterisks (*) denote silicon powder used as an internal standard. 
 
 
 
Figure S8. (a) Tauc plot and (b) representative SEM image of Mn2+-doped bulk CsGeI3 crystals 
made with different synthetic Mn2+ loadings. 
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Table S2. Mn2+-Doped bulk CsGeI3 crystals. 
Mn Loading a (Å) Mn-Doping (%) Eg (eV) 
0% 8.358 0% 1.61 
20% 8.369 8% 1.62 
40% 8.380 16% 1.62 
80% 8.397 29% 1.60 
[ 
 
 
 
 
 
 
Figure S9. Reaction yields of Mn2+-doped bulk CsGeI3 crystals as a function of synthetic Mn2+ 
loading. 
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Figure S10. (a) Powder XRD and (b) lattice parameter shift of Mn2+-doped CsGeBr3 nanocrystals 
as a function of synthetic Mn2+ loading. Asterisks (*) denote silicon powder used as an internal 
standard. 
 
 
 
Figure S11. (a) Diffuse reflectance and (b) Tauc plots of CsGeI3 nanocrystals as well as (c) diffuse 
reflectance and (d) Tauc plots of CsGeBr3 nanocrystals synthesized with various synthetic Mn2+ 
loadings. 
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Figure S12. (a) Absorbance and (b) PL of CsGeBr3 nanocrystals synthesized with various 
synthetic Mn2+ loadings (lexc = 350 nm).
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CHAPTER 4 
 
SOLUTION-GROWN SODIUM BISMUTH DICHALCOGENIDES: TOWARD EARTH-
ABUNDANT, BIOCOMPATIBLE SEMICONDUCTORS 
 
Reprinted with permission from J. Am. Chem. Soc. 2018, 140, 3736–3742. 
Copyright © 2018 
American Chemical Society 
 
Bryan A. Rosales, Miles A. White, and Javier Vela 
 
Abstract 
Many technologically relevant semiconductors contain toxic, heavily regulated (Cd, Pb, 
As) or relatively scarce (Li, In) elements, and often require high manufacturing costs. We report a 
facile, general, low-temperature, and size tunable (4–28 nm) solution phase synthesis of ternary 
APnE2 semiconductors based on Earth-abundant and biocompatible elements (A = Na, Pn = Bi, E 
= S or Se). The observed experimental band gaps (1.20–1.45 eV) fall within the ideal range for 
solar cells. Computational investigation of the lowest energy superstructures that result from 
‘coloring’, caused by mixed cation sites present in their rock salt lattice agree with other better-
known members of this family of materials. Our synthesis unlocks a new class of low cost and 
environmentally friendly ternary semiconductors that show properties of interest for applications 
in energy conversion. 
 
Introduction 
Many technologically relevant semiconductors contain toxic and highly regulated elements 
such as Cd, Pb, or As. Others contain elements that are relatively scarce or poorly distributed in 
the Earth's crust, such as In (0.05 ppm abundance) or Li (17 ppm),1 respectively. In contrast, alkali 
metal-based APnE2 semiconductors are made of relatively abundant and/or biocompatible 
elements such as Na or K (A), Sb or Bi (Pn), and S or Se (E). The presence of Bi in these 
compounds is particularly benign because, despite its location among the ‘poisoner’s corridor’ of 
the periodic table (along with Cd, Hg, Tl, Pb, Po, Rn), Bi-containing compounds are regularly used 
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in cosmetics (BiOCl) and pharmaceuticals (Pepto-Bismol®).2 In addition, while relatively scarce 
(0.03 ppm),1 Bi is overproduced during Pb mining,3 leading to a similar market price to that of Ni 
or Ti (0.96–0.99 ¢/g). 
Ternary APnE2 compounds (A = Li, Na, K, Rb, Cs, Cu, Ag, Tl; Pn = As, Sb, Bi; E = S, Se, 
Te) are an interesting class of semiconductors that hold great technological promise. These 
materials often adopt a rock salt structure, with the chalcogenide (E) forming an fcc lattice, and a 
mixture of monovalent/trivalent cations (A/Pn) occupying the octahedral holes (Fig. 1). This 
disordered structure and the presence of polarizable lone s2 electrons on Pn4 lead to efficient 
phonon scattering,5 which explains the inherently low thermal conductivity of AgSbTe2 and 
AgBiSe2.6 AgSbTe2 exhibits a thermoelectric zT figure of merit of 1.3 at 720K,5,7 rising to 2.2 at 
800K upon alloying with PbTe (lead-antimony-silver-tellurium, or LAST).8 AgSb0.96Zn0.04Te2 has 
a zT of 1.9 at 585K, one of the highest among mid-temperature, p-type thermoelectrics.9 In 
addition, photovoltaic solar cells made of nanocrystalline AgBiS2 have reached a 6.3% certified 
power conversion efficiency.10 
 
 
 
Figure 1. Rock salt structure with mixed cation sites of ternary APnE2 compounds.  
 
Alkali metal-based APnE2 compounds are usually prepared by high temperature solid-state 
synthesis. A common reaction employs alkali metal carbonates or chalcogenides with either a 
mixture of Pn (Sb or Bi) and E elements or pnicto-chalcogenide precursors at temperatures 
between 600–800 °C.11,12 To our knowledge, there are only a few reports on the solution-phase 
synthesis of NaBiS2.13,14 An intermediate NaBiS2 phase forms during the hydrothermal synthesis 
of Bi2S3.15,16 However, attempts to isolate it resulted in highly aggregated, polydisperse NaBiS2 
particles.13,14 In contrast, reports on the solution phase synthesis of coinage metal(A)-based ABiE2 
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compounds, in some cases with excellent particle uniformity, are more common.10,17 Nevertheless, 
the synthesis of more affordable and biocompatible alkali-based APnE2 compounds remains 
underdeveloped. 
 
Results and discussion 
Solution grown NaBiS2. We have successfully prepared NaBiS2 from the reaction between 
commercially available NaH, Ph3Bi and elemental sulfur in 1-octadecene (ODE) (Scheme 1). At 
180 °C, single crystallite domains—Scherrer particle sizes measured by powder X-ray diffraction 
(XRD) peak widths—increase from 13±1 nm at 0.5 h to 28±6 nm after 3 h (Fig. 2, Table 1). In the 
absence of added surface-binding ligands, transmission electron microscopy (TEM) shows 
particles with sizes consistent with those calculated from XRD (see SI). A very small amount of 
Na2SO3 (minor phase)—likely produced from post synthetic oxidation of HS- intermediate upon 
exposure to air18 is sometimes observed, but is easily removed with a water-ethanol mixture (see 
below and Experimental section). Extrapolating the linear region of direct ((Abs·hn)2) and indirect 
((Abs·hn)1/2) Tauc plots (vs. hn)19 made from optical absorption measurements yields apparent 
band gaps of 1.41(0.5 h)–1.37(1 h) eV and 1.07 eV(0.5–1 h), respectively. These values are in 
rough agreement with prior literature data that report NaBiS2 band gaps ranging from 1.4 eV (direct, 
from experiment)13 to 1.28 eV (indirect, from theory).20 We note that both direct and indirect gaps 
may be present in NaBiS2, as observed with other semiconductors such as RbBiS2,21 NaSbS2,22 
and even Ge23 or CH3NH3PbI3.24 
 
 
Scheme 1. 
  
3NaH + Ph3Bi + 3E                NaBiE2 + 3Ph-H + Na2E
T, t
S
E = S or Se
T = 70–180 °C
S = ODE, oleylNH2, or both
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Figure 2. Powder XRD (a), corrected solid-phase diffuse-reflectance (b, see SI), and solution-
phase absorption (c) of NaBiE2 made in the presence (c) or absence (b) of oleylNH2. 
 
Table 1. Solution-phase synthesis of NaBiE2 semiconductors. 
Product Conditionsa T (°C) t (h) 
Size (nm) Eg (eV)b 
Scherrer TEM d. i. 
NaBiS2c ODE 180 3 28±6 n.d. 1.37 1.07 
NaBiS2 ODE + 10 eq. oleylNH2 180 3 27±4 n.d. 1.41 1.01 
NaBiS2 oleylNH2 180 3 17±3 n.d. 1.43 1.11 
NaBiS2 oleylNH2 180 tod 10±1 18±4 1.45 1.20 
NaBiS2 oleylNH2 70 0.17 3.3±0.5 4.2±0.7 1.41 1.24 
NaBiS2 carboxylate + oleylNH2 180 2 4±1 4.4±0.7 1.38 1.16 
NaBiSe2 ODE 180 3 10±1 13±5e 1.22 1.10 
NaBiSe2 oleylNH2 + ODE (1.2:1) 180 3 25±2 21±5 1.23 1.10 
a[Na]0 = [Bi]0 = [E]0/2 = 0.023 M; see experimental. bDirect (d.) & indirect (i.) band gaps (Eg) from 
Tauc plots.19 cBenzene and 73% unreacted Ph3Bi observed by GC-MS (see SI). dImmediate cooling 
(to < 10 s). eMajor morphology. 
 
Effect of added ligands. Replacing ODE solvent with neat N-oleylamine (oleylNH2) while 
keeping other conditions constant (3 h at 180 °C) decreases the NaBiS2 Scherrer size to 17±3 nm 
(Fig. 2, Table 1). Immediate removal from the heating mantle upon reaching the reaction 
temperature (< 10 s at 180 °C) further decreases the Scherrer size to 10±1 nm. The effect of 
oleylNH2 appears to be two-fold as, in addition to decreasing particle size, it decreases the NaBiS2 
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nucleation temperature to only 70 °C, compared to 180 °C in the absence of ligand (neat ODE). 
Combining these two effects, i.e., running the reaction for 10 min at 70 °C results in a Scherrer 
size of only 3.3±0.5 nm. 
The use of more strongly binding ligands is often used to enhance the morphology, size 
distribution and colloidal stability of nanocrystals. However, alternative ligands do not always 
allow the formation of the desired ternary product. For example, introducing trioctylphosphine 
(TOP)—known as a mild reducing agent under a range of conditions25 leads instead to the 
formation of metallic Bi (see SI). Introducing 2-aminoethanethiol to an aqueous mixture of 
Na2S·9H2O and Bi(acetate)3 produces black, amorphous solids, regardless of the pH used (2.4, 7 
or 12). 
Similarly, other precursors and conditions that have been used to prepare coinage metal(A)-
based ABiS2 materials10 are not easily translated to the preparation of NaBiS2. For example, 
introducing free oleic acid to our synthesis produces binary Bi2S3, likely because it quickly reacts 
with NaH to form Na(oleate). Reaction between Na(oleate), Ph3Bi and S in ODE at 140 °C results 
in phase segregated Na(oleate) and binary Bi2S3. We have succeeded in introducing strong-binding 
carboxylate ligands to our synthesis by utilizing carboxylate-based precursors of both metals. 
Specifically, reaction between Na(oleate), Bi(neodecanoate)3 and S in neat oleylNH2 at 180 °C 
yields NaBiS2 nanocrystals with a 4±1 nm Scherrer size (Table 1). 
Direct and indirect band gap values19 measured for all solution grown NaBiS2 samples 
remain at 1.38–1.45 eV and 1.01–1.24 eV, respectively, indicating that quantum confinement is 
not present in these samples, unlike the related AgBiS2 system.26,27 However, their absorption 
edges become systematically sharper with decreasing particle size (see SI). We also measure a 
relatively large extinction coefficient of 104 cm-1M-1. Based on these observations, we hypothesize 
that the apparent band gap of NaBiS2 transitions from mostly indirect to mostly direct as particle 
size decreases, as seen for MoS2.28 
Our solution-phase synthesis thus enables access to a relatively wide range of NaBiS2 
particle sizes (4–28 nm), specifically through tuning the concentration of added oleylNH2, reaction 
temperature and time, and through the choice of metal ion precursors used. Further, in all cases 
studied, even a small amount of oleylNH2—as little as 10 equiv. relative to Na and Bi—vastly 
improves solubility and colloidal stability, likely by helping passivate the NaBiS2 particle surface 
and suppressing agglomeration. TEM analysis shows that the NaBiS2 morphology ranges from 
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uniformly spherical without agglomeration for the smallest nanocrystals made with carboxylate 
precursors in oleylNH2, to cuboctahedral for the larger particles made in the absence of ligands 
(see SI). Single area electron diffraction (SAED) is consistent with the XRD of phase pure NaBiS2 
(Fig. 3). Elemental mapping of the smallest NaBiS2 nanocrystals by energy dispersive X-ray 
spectroscopy (EDX) yields a slightly metal-rich stoichiometric composition of Na1.18Bi1.17S2, 
likely compensated by the binding of the anionic ligands.29 
 
  
 
 
Figure 3. Representative TEM image (a) and SAED (b) of small (4.4±0.7 nm) NaBiS2 
nanocrystals prepared with carboxylate ligands. 
 
Extension to NaBiSe2 and mechanism. Successful extension to the synthesis of NaBiSe2 
highlights the generality of our method. Replacing elemental S with Se while maintaining similar 
reaction conditions (NaH, Ph3Bi, 180 °C for 3 h) results in NaBiSe2 with a Scherrer size of 10±1 
nm. A sharp absorption edge is observed, corresponding to either a 1.22 eV direct or a 1.10 eV 
indirect band gap (see above). Either value is significantly larger than that previously reported of 
0.28 eV.11 However, this latter literature measurement came from a NaBiSe2 sample made from 
Na2CO3 and Bi2Se3;11,30 therefore, a possible explanation may be the presence of unreacted Bi2Se3, 
which is known to have a band gap of only 0.3 eV.31 
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TEM shows that NaBiSe2 prepared in the absence of ligands is mainly comprised of 
spherical particles (13±5 nm, Table 1); it also contains a minor fraction of cubes, sheets, and wires 
(8.4±0.8 diameter and 570±160 nm length with (111) lattice fringes perpendicular to their axis) 
(see SI). Semiconductor nanowires typically form through a solution-liquid-solid (SLS) 
mechanism, a heterogeneous nucleation process catalyzed by a seed of a low melting metal, such 
as Bi.32,33 Thus, the observation of NaBiSe2 nanowires strongly suggests that Ph3Bi decomposes 
into an intermediate Bi phase prior to the formation of NaBiSe2. Facile, low temperature (80 °C) 
reduction of Bi(III) precursors to Bi with both strong and mild reducing agents is well known.34,35 
XRD monitoring of phase evolution after introducing oleylNH2 provides additional 
mechanistic insights. Immediate removal from the heating mantle upon reaching the reaction 
temperature (< 10 s at 180 °C) and isolation by centrifugation reveals a mixture of unreacted Se, 
Bi and Na2SeO3 (selenite). After 0.5 h, Se is completely consumed and NaBiSe2 (major), Bi0 and 
Na2SeO3 (minor) phases are observed. After 3 h, only phase pure NaBiSe2 is present. The 
observation of Na2SeO3 at early reaction times strongly indicates the formation of an intermediate 
HSe- species. Produced by the reaction between NaH and dissolved Se, HSe- is easily oxidized 
post synthesis upon exposure to air to produce Na2SeO3—similar to the observation of Na2SO3 in 
the synthesis of the lighter ternary disulfide (see above).18 The reaction between the metallic Bi 
and HSe- intermediates and dissolved Se regenerates Bi(III) and produces Se2-, as required for the 
formation of the final product. This type of redox cycling, while counterintuitive, has ample 
precedent in the literature.36,37 
Introducing oleylNH2 to the synthesis produces NaBiSe2 nanocrystals with a Scherrer size 
of 25±2 nm and an absorption edge corresponding to direct or indirect band gaps of 1.23 or 1.10 
eV, respectively (Fig. 2). These nanocrystals display a very large extinction coefficient of 106 cm-
1M-1. HR TEM and SAED reveal uniform 21±5 nm particle size and morphology (Fig. 4 and SI). 
Slow leaching of Na when exposed to the electron beam—known to easily reduce and vaporize 
alkali metals38,39  may be responsible for the observed slightly off-stoichiometric EDX 
composition of Na0.8Bi1.2Se2. 
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Figure 4. Representative EDX elemental mapping (a), HR TEM (b), and fast Fourier transform 
(FFT) (b) of NaBiSe2 nanocrystals prepared with oleylNH2 at 180 °C for 3 h. 
 
Surface chemistry. The infrared (IR) spectra of ligand-stabilized NaBiS2 and NaBiSe2 
show stretching and bending modes typical of unsaturated amines (see SI), indicating both are 
capped with oleylNH2. The IR spectrum of NaBiS2 also contains three strong extra peaks at 1133 
cm-1 (C=S), 1007 cm-1 (C-N) and 675 cm-1 (C-S),40 which were previously shown to arise from 
thioamides, amidines, and thioethers formed upon reaction of oleylNH2 with elemental S.41,42 
X-ray photoelectron spectroscopy (XPS) shows that Na+, Bi3+, E2- and R-NH2 surface 
species are present in both NaBiE2 compounds (see SI). The XPS spectrum of NaBiS2 shows one 
additional SO42- species, indicating this material undergoes surface oxidation upon exposure to air 
(within ca. 20 min). We note that this sulfate species is unrelated to the sulfite species formed post 
synthesis when not all the HS- intermediate was consumed during the synthesis of NaBiS2 (as 
observed by XRD, see above). The lack of a similarly oxidized Se species in NaBiSe2 suggests its 
surface is comparatively more resistant to oxidation. 
Interestingly, we observe that NaBiS2 crystals larger than 10 nm lose colloidal stability 
within 2 h after exposure to air, even though they are stable for over 1 mo. when stored in a dry 
glovebox. In contrast, smaller, 4.2 nm NaBiS2 crystals are stable for at least 3 days upon exposure 
to air. We rationalize this size-dependent stability toward oxidation based on the well-known 
surface structures of other rock salt materials. For example, IV-VI semiconductors display cation-
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rich surfaces composed of Pb-only (111) or stoichiometric PbE (100) facets.29 A decrease in 
particle size is accompanied by a shape transition from cuboctahedal (both (111) and (100) facets) 
to octahedral (only (111) facets).43  In other words, the rock salt surface becomes more cation rich 
with decreasing particle size. Because the oleylNH2 used here is an L type ligand that preferentially 
binds to cations,44,45 it makes sense that smaller particles containing mostly cation-only (111) 
facets are better passivated and thus more stable against surface oxidation.36 Additional 
enhancement in colloidal stability results when a more strongly-binding surface ligand such as X-
type (anionic), bidentate carboxylates are used.44,45 Small carboxylate-stabilized NaBiS2 
nanocrystals are soluble as crude or toluene solutions for over two weeks without signs of 
precipitation. Additional surface ligand engineering will be required to further enhance the stability 
of larger sized particles. 
Correlating theory and spectroscopy. The mixed cation site occupancies in rock salt 
APnE2 compounds are a consequence of various superstructures known as ‘coloring’ patterns in 
solid state chemistry.46–48 Thus, a thorough analysis of these coloring patterns is required to 
understand their optoelectronic properties. Partial computational investigations into the band gap 
of alkali-based ABiS2 compounds exist,19,49 but a wider selection of coloring patterns and their 
relative stability remain to be investigated. 
Each chalcogenide in the rock-salt structure is octahedrally coordinated to six cations that 
may have different A:Bi ratios of: 3:3, where three similar cations lie on the same plane (mer) or 
face (fac) of the octahedron; 4:2 and 2:4, where two similar cations are in opposite (trans) or 
neighboring (cis) positions relative to each other; 1:5 and 5:1; and 6:0 and 0:6 (Fig. 5a). Among 
these, the 3:3 fac octahedra can be used to build two possible extended structures: rhombohedral 
(R32m, known as L115 and AF-II50,51), with alternating A and Bi layers sandwiched in between E 
layers; and cubic (Fd32m, known as D45 and AF-IIb50,51), where every (001) plane alternates 
between rows of a single cation or alternating A and Bi (Fig. 5b). Coloring patterns of 6:0 and 0:6 
cannot be used to build a ABiE2 stoichiometry and need not be considered. 
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Figure 5. Mixed cation and ordered superstructures of APnE2 compounds. (a) Rock salt structure. 
(b) Site occupancies of AxBi6-xS octahedra that can be used to build (a). (c) Calculated energies 
for the local superstructures derived from the possible coloring patterns46–48 in (b) (relative to 
lowest energy 3:3 fac L11, see Methods). 
 
Using the Vienna Ab-initio Simulation Package (VASP)52 with the local density 
approximation (LDA) yields two relatively close, lowest energy superstructures 3:3 fac L11 (0 in 
Fig. 5b) and 3:3 fac D4 (DE = +0.2 meV), which agrees with previous calculations on other APnE2 
compounds.5,50,51 Density of states (DOS) calculations for the lowest energy superstructure (3:3 
fac L11) obtained using TB-mBJ53,54 yield band gap values that are 30-50% larger than those 
experimentally observed for “bulk” NaBiS2 and NaBiSe2 obtained in the absence of added ligands 
(Fig. 6). To probe this issue, we performed similar band gap calculations for the related compound 
AgBiS2, and found a very similar overestimation of 50% (see SI). A recent theoretical study of 
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AgBiS2, using more accurate HSE06 hybrid functions yielded even higher values (overestimation 
of 93%), and attributed this discrepancy to cation disorder.55 Therefore, the band gaps of NaBiS2 
and NaBiSe2 may be tunable through additional synthetic manipulation of the extent of cation 
disorder present in these systems. 
 
 
 
Figure 6. Experimental, and theoretical band gaps for two lowest energy superstructures (both 3:3 
fac), of NaBiS2 and NaBiSe2. 
 
Conclusions 
Herein, we report a facile, general, low-temperature and size-tunable solution phase 
synthesis of ternary alkali bismuth dichalcogenides (ABiE2) that utilizes readily accessible, 
commercially available precursors. The synthesis of NaBiS2 is very sensitive to the specific choice 
of precursors and ligands. For example, oleylNH2 results in NaBiS2 while, depending on the 
precursors used, free (protonated) oleic acid or TOP can lead to Bi2S3 or metallic Bi, respectively. 
Controlling oleylNH2 concentration, reaction temperature and time, and introducing carboxylate-
based precursors give access to particle sizes between 4–28 nm. OleylNH2, in particular has a 
three-fold effect: it decreases particle size, it improves colloidal stability, and it reduces the 
nucleation temperature of NaBiS2 to as little as 70 °C. The NaBiS2 prepared in this way displays 
an inverse relationship between air stability and particle size. Similar to other rock salt IV-VI 
compounds, NaBiS2 particles larger than >10 nm lose colloidal stability within 2 h after exposure 
to air. In contrast, smaller NaBiS2 particles contain a larger fraction of cation-only (111) facets and 
are better passivated by carboxylates and/or oleylNH2, remaining stable for at least 2 weeks after 
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exposure to air. XPS taken within 20 min of exposure to air shows the presence of oxidized 
chalcogen species (SO42-) on the surface of NaBiS2, but not on the surface of NaBiSe2, indicating 
the former is more prone to surface oxidation. 
Successful extension to the preparation of both NaBiS2 and NaBiSe2 demonstrates the 
generality of our synthetic method. The inability to grow NaBiSe2 below 180 °C suggests that 
formation of NaBiSe2 is significantly slower than that of NaBiS2. A phase evolution XRD study 
of NaBiSe2 formation as a function of time found that both metallic Bi and HSe-—observed 
indirectly as its air-oxidation product, Na2SeO3—are intermediates in the reaction. Therefore, we 
propose a mechanism whereby NaH reacts first with Ph3Bi and Se to form Bi and HSe-, 
respectively. Subsequently, Bi and HSe- react with Se to produce the ternary NaBiSe2 phase. The 
available evidence (for example, the observation of Na2SO3 in some cases) points to a similar 
mechanism for the formation of NaBiS2. 
We note that both direct and indirect band gaps may be present in NaBiS2, as observed 
with other semiconductors including NaSbS2, RbBiS2, Ge, and CH3NH3PbI3. Tauc analysis of the 
optical absorption edge in solution-made NaBiS2 yields apparent band gaps that are consistent with 
prior literature data, namely: 1.4(direct)–1.07(indirect) eV. Interestingly, the NaBiS2 absorption 
edge becomes sharper for smaller particles, suggesting a transition from indirect to direct with 
decreasing particle size, as seen for MoS2. Similar 1.2(direct)–1.1(indirect) eV band gap values 
for NaBiSe2 indicate that the previously reported value of 0.28 eV was actually due to sample 
contamination by the well-known narrow band gap binary, Bi2Se3. Both NaBiS2 and NaBiSe2 
nanocrystals exhibit large extinction coefficients in the range 104–106 cm-1M-1, suggestive of direct 
band gap character. 
Ternary alkali bismuth dichalcogenides have various possible coloring patterns due to their 
mixed cation sites. Using ab initio calculations, we determined the lowest energy superstructures 
that result from these coloring patterns, and found 3:3 fac L11 and 3:3 fac D4 to be lowest in energy. 
TB-mBJ calculations yield theoretical band gap values that are 30-50% larger than those 
experimentally observed for solution-made NaBiS2 and NaBiSe2. This is consistent with a similar 
overestimation of 50% for the better studied ternary material AgBiS2. As observed in this system, 
such overestimation is accounted for by additional cation disorder in the crystalline lattice. In 
contrast to many technologically relevant semiconductors made of highly regulated (Cd, Pb, As) 
or poorly distributed elements (Li, In), ternary NaBiS2 semiconductors are made of relatively 
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abundant and biocompatible elements. We believe the experimental and computational results 
reported here will help advance the fundamental study and exploration of these and similar 
materials for energy conversion devices. 
 
Methods 
Materials. Sulfur (99.999) and oleic acid (90%) were purchased from Alfa Aesar; NaH 
(95%,) from Sigma; 1-octadecene (ODE, technical grade, 90%), oleylamine (oleylNH2, technical 
grade, 70%), bismuth(III) neodecanoate and selenium (100 mesh powder, 99.99%) from Aldrich; 
Ph3Bi (99%), trioctylphosphine (TOP, min. 97%), and sodium oleate (99%) from Strem; toluene 
(99.9%) from Fisher. All chemicals were used as received. 
Synthesis. Selenium stock solution. Se powder (2.20 mmol, 174 mg) and anhydrous ODE 
(22 mL) were heated at 180 °C for 5 h until homogeneous. Synthesis without added ligands. NaH 
(0.11 mmol, 2.9 mg), Ph3Bi (0.11 mmol, 50 mg), chalcogen (0.22 mmol, 7.3 mg S or 2.3 mL of 
Se stock solution), and degassed ODE (5 mL for S or 2.7 mL for Se) were stirred under Ar for 0.5–
1 h, heated at 180 °C for 3 h, then cooled by removal from the heating mantle. CAUTION! NaH 
is a highly corrosive, flammable solid that releases H2 upon exposure to acids and moisture. NaH 
should be handled under inert gas. NaBiS2 ligand screening. NaH (0.11 mmol, 2.9 mg), Ph3Bi 
(0.11 mmol, 50 mg), S (0.22 mmol, 7.3 mg), ligand (1.1 mmol, 0.52 mL TOP or 0.40 mL oleic 
acid or 0.54 mL oleylNH2), and enough degassed ODE to complete a total volume of 5 mL were 
stirred under Ar at 21 °C (RT) for 0.5–1 h, heated at 180 °C for 3 h, then cooled by removal of the 
heating mantle. Effect of oleylNH2. NaH (0.11 mmol, 2.9 mg), Ph3Bi (0.11 mmol, 50 mg), 
chalcogen (0.22 mmol, 7.3 mg S or 2.3 mL Se stock solution), and degassed oleylNH2 (5 mL for 
S or 2.7 mL for Se) were stirred at RT under Ar for 0.5–1 h, heated at 70 °C or 180 °C for 0–3 h 
(see discussion above and Table 1), then cooled by removal of heating mantle. CAUTION! 
OleylNH2 is a strong highly-corrosive base. Safety goggles, gloves, and a lab coat should be worn 
whenever handling oleylNH2. Effect of carboxylates. Sodium oleate (0.11 mmol, 35 mg), 
bismuth(III) neodecanoate (0.11 mmol, 70 µL), S (0.22 mmol, 7.3 mg), and degassed oleylNH2 (5 
mL) were stirred at RT under Ar for 0.5–1 h, heated at 180 °C for 2 h, then cooled by removal 
from the heating mantle. Purification. The crude solution was diluted to 15 mL with acetone, 
centrifuged at 5000 rpm for 3 min, and the supernatant discarded. The precipitate was then washed 
with a mixture of toluene (~ 0.5–1 mL) and acetone (15 mL). NaBiS2 synthesized in neat ODE 
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(without oleylNH2) requires further purification by a 1:1 water-ethanol mixture (10 mL) to remove 
Na2SO3.  
Optical Characterization. Diffuse-reflectance spectra were measured with a SL1 
Tungsten Halogen lamp (vis-IR), a SL3 Deuterium Lamp (UV), and a BLACK-Comet C-SR-100 
spectrometer. Samples were prepared by drop-casting toluene solutions onto glass slides. Solution 
absorbance spectra were measured with a photodiode array Agilent 8453 UV-Vis 
spectrophotometer with solvent absorption (toluene) subtracted from all spectra. Band gap values 
were estimated by extrapolating the linear slope of Tauc plots by plotting (Ahn)1/r vs. hn where A 
= absorbance, hn = incident photon energy in eV, r = ½ for direct and r = 2 for indirect 
semiconductors.19 Infrared spectroscopy measurements were performed on a Bruker Tensor 37 
Fourier transform IR spectrophotometer (16 scans, transmittance mode, 4 cm-1 resolution). 
Structural Characterization. Powder X-ray diffraction patterns were measured using Cu 
Kα radiation on a Rigaku Ultima IV (40 kV, 44 mA) diffractometer using a background-less quartz 
sample holder. Scherrer analysis was performed with Jade using a κ value of 0.9. Percent 
compositions were determined with PowderCell. Transmission Electron Microscopy imaging and 
selected area electron diffraction were performed on an FEI Tecnai G2-F20 scanning transmission 
electron microscope. All size distributions contain information from at least 300 particles.56 EDS 
Elemental Mapping was performed on an FEI Titan Themis Cubed Aberration Corrected Scanning 
Transmission Electron Microscope (STEM) 
Other. X-Ray Photoelectron Spectroscopy measurements were performed using a Kratos 
Amicus/ESCA 3400 instrument. The sample was irradiated with 240 W unmonochromated 
Mg Kα x-rays, and photoelectrons emitted at 0° from the surface normal were energy analyzed 
using a DuPont type analyzer. The pass energy was set at 150 eV and either a Shirley or linear 
baseline was removed from all reported spectra. CasaXPS was used to process raw data files. XPS 
spectra were energy calibrated to the C 1s peak position at 284.6 eV. Bi 4f and S 2p were 
deconvoluted by applying constraints that require the Bi 4f 5/2 and 4f 7/2 peaks to have a ratio of 
3:4 with a peak separation of 5.3 eV. Gas Chromatography-Mass-Spectrometry was performed on 
an Agilent 8453 nominal mass GC-MS based on quadrupole technology with a DB5 column. The 
column was maintained at 40 °C for 4 min, then heated to 320 °C over 15 min. 
Calculations. Electronic structure calculations were performed using the Vienna Ab-
initio Simulation Package (VASP)52 with projected augmented-wave (PAW) pseudopotentials 
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with a cutoff energy of 500 eV and a convergence energy of 1x10-6 eV. A conjugated algorithm 
was applied to the structural optimization with an 11´11´11 Monkhorst-pack k-points grid. During 
structural optimization, atomic coordinates and cell volumes were allowed to relax. Total energies 
were calculated using the tetrahedron method with Blöchl corrections applied. All calculations 
treated exchange and correlation by the local density approximation (LDA). Band gaps were 
determined from DOS calculated by TB-mBJ53,54 using the experimental lattice parameter. TB-
mBJ band gaps generally better agree with experiment, while LDA considerably underestimates 
them.57,58 Each coloring pattern investigated was constructed using 2x2x2 supercells composed of 
16 atoms each. 
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Appendix for supporting information 
Scheme S1 
 
 
Figure S1. (a) XRD, (b) uncorrected solid-state diffuse-reflectance, (c) direct Tauc plot, and (d) 
indirect Tauc plot of NaBiS2 prepared in ODE without a ligand at 180 °C for different lengths of 
time. (e) Comparison between Scherrer size, and direct and indirect band gaps vs. time. The 
minima between 300–500 nm in (b) is the result of an instrument artifact (see Figures S19–21). 
Tauc plots are calculated from diffuse-reflectance. Prior literature is ambiguous about whether the 
band gap in NaBiS2 is indirect (by theory)S1 or direct (by experiment).S2 Related compounds have 
both (RbBiS2,S3 NaSbS2S4). 
NaH + Ph3Bi + 2 S                     NaBiS2
180 °C, t
/ ODE
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Scheme S2 
 
 
 
Figure S2. (a) XRD, (b) solution-phase absorption, (c) uncorrected solid-state diffuse-reflectance, 
(d) direct Tauc plot, and (e) indirect Tauc plot of NaBiS2 prepared with varying oleylNH2 
concentration, reaction time, and reaction temperature. (f) Comparison between Scherrer size and 
NaH + Ph3Bi + 2 S                                  NaBiS2
Temp, t
/ Oleyl-NH2 + ODE
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band gaps vs. the product of energy and time. The minima between 300–500 nm in (b) is the result 
of an instrument artifact (see Figures S19–21). Tauc plots are calculated from diffuse-reflectance. 
Arrows show increasing slope with decreasing Scherrer size. Prior literature is ambiguous about 
whether the band gap in NaBiSe2 is indirect (by theoryS1) or direct (by experimentS2). Related 
compounds have both (RbBiS2,S3 NaSbS2S4).  
 
 
 
Scheme S3 
 
 
 
 
Figure S3. XRD of NaBiS2 prepared with oleylNH2, oleic acid, or TOP. 
 
  
NaH + Ph3Bi + 2 S + 10 L                                                Bi2S3
oleylNH2
Bi
180 °C, 3h
oleic acid
TOP
 NaBiS2
L =
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Reaction stoichiometry. 
 
The overall chemical equation for the formation of sodium bismuth disulfide from NaH and Ph3Bi 
can be easily balanced as: 
 
Scheme S4. 
 
 
In this fully balanced redox equation, each hydride (H:-) is a 2e- reductant (to H+) and each sulfur 
is a 2e- oxidant. This should not be taken to mean however, that when run in this particular 
stoichiometry the reaction will proceed smoothly, or at a reasonable rate, or in high yield, etc. 
Neither kinetics nor thermodynamic information can be assumed from a balanced chemical 
equation alone. In fact, when we ran this reaction with a 3:1:3 precursor ratio (i.e., 3NaH, 1Ph3Bi, 
and 3S equivalents; [Bi]total = 23 mM), the solid isolated after centrifugation contained a complex 
mixture of products. 
 
However, whenever we ran the reaction with a 1:1:2 precursor ratio (Na:Bi:S; same [Bi]total = 23 
mM), the solid isolated after centrifugation contained phase pure ternary NaBiS2. Interestingly, 
according to the above balanced equation, this new stoichiometry should produce: 
 
Scheme S5. 
 
 
In agreement with this prediction, GCMS analysis of the first supernatant (after removal of solid 
NaBiS2 by centrifugation) shows the presence of both benzene and unreacted Ph3Bi. Using a 
calibration curve made with pure Ph3Bi gave a GCMS yield of 73% unreacted Ph3Bi, which is 
very close to the 67% Ph3Bi predicted above. 
 
 
 
 
NaBiS2 + 3Ph-H + Na2S3NaH + Ph3Bi + 3S
1/3NaBiS2 + Ph-H + 1/3Na2S + 2/3Ph3Bi + SNaH + Ph3Bi + 2S
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Figure S4. Sample GC-MS trace from the first supernatant after separating NaBiS2 solids by 
centrifugation; NaBiS2 made with a 1:1:2 ratio of NaH:Ph3Bi:S in ODE at 180 °C for 3 h ([Na]0 = 
[Bi]0 = [S]/2 = 23 mM). A calibration curve made with pure Ph3Bi gives a GCMS yield of 73% 
unreacted Ph3Bi. 
 
Scheme S6 
 
 
Figure S5. Representative XRD showing formation of binary Bi2S3 when substoichiometric NaH 
is used.  
(x < 1) NaH + Ph3Bi + 2 S                     NaBiS2 (major) + Bi2S3 (minor)
180 °C, 3 h
/ ODE
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Reaction mechanism. 
 
Main reaction - formation of ternary phase (i-iii): 
Scheme S7(i)  
 
We observe benzene (Ph-H) by GC (see Figure S4 above); we also see the formation of an 
intermediate Bi0 metal phase (see Figures S8 and S16 below). The reduction of Bi(III) precursors 
to metallic Bi0 is common and well documented to occur with both strong and mild reducing agents, 
even at relatively low temperatures (50-80 °C).S5,S6 
 
Scheme S7(ii)  
 
We observe HE- indirectly by XRD, in the form of its oxidation product, EO32- (see Figures S1, 
S2, and S8). 
 
Scheme S7(iii)  
 
Although re-oxidizing the intermediate Bi0 phase back to Bi(III) may at first seem counterintuitive, 
related redox cycling processes appear to be prevalent in colloidal preparations and have been 
documented in the literature.S7,S8 
 
Secondary reactions - formation of byproducts (iv-vi): 
Scheme S7(iv)  
 
Bi2S3 is observed by XRD whenever we used small, sub stoichiometric amounts of NaH (see 
Figure S5 above). 
 
Scheme S7(v)  
 
Ph3Bi + 3H:- Bi0 + 3Ph-H
H:- + E HE-   (E = S or Se)
Bi0 + E + Na+ + HE- NaBiE2 + H    (E = S or Se)
3Bi0 + 2S Bi2S3
2HE- + 3O2 2EO32- + 2H+    (E = S or Se)
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HE- is observed as Na2EO3 by XRD; such HE- oxidation is well known to occur upon exposure to 
air.S9 
 
Scheme S7(vi) 
 
Terminal olefin as hydrogen atom acceptor. 
 
Scheme S8 
 
 
 
Figure S6. (a) XRD, (b) uncorrected solid-state diffuse-reflectance, (c) solution-phase absorption, 
(d) direct Tauc plot, and (e) indirect Tauc plot of NaBiS2 prepared in oleylNH2 in the presence of 
2H  + CH2=CH-n-C16H33 n-C18H38
Na(oleate) + Bi(neodecanoate)3 + 2 S                          NaBiS2
180 °C, 2h 
/ OleylNH2
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carboxylates at 180 °C for 2 h. The minima between 300–500 nm in (b) is the result of an 
instrument artifact (see Figures S19–21). Tauc plots are calculated from diffuse-reflectance. Prior 
literature is ambiguous about whether the band gap in NaBiS2 is indirect (by theoryS1) or direct 
(by experimentS2). Related compounds have both (RbBiS2,S3 NaSbS2S4). 
 
Scheme S9 
 
 
Figure S7. (a) XRD, (b) uncorrected solid-state diffuse-reflectance, (c) direct Tauc plot, and (d) 
indirect Tauc plot of bulk NaBiSe2 prepared in ODE without a ligand at 180 °C. The minima 
between 300–500 nm in (b) is the result of an instrument artifact (see Figures S19–21). Tauc plots 
are calculated from diffuse-reflectance. Prior literature is ambiguous about whether the band gap 
in NaBiSe2 is indirect (by theoryS1) or direct (by experimentS2). Related compounds have both 
(RbBiS2,S3 NaSbS2S4).  
NaH + Ph3Bi + 2 Se                         NaBiSe2
180 °C, 3 h
/ ODE
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Scheme S10 
  
 
 
Figure S8.  (a) XRD, (b) uncorrected solid-state diffuse-reflectance, (c) solution-phase absorption, 
(d) direct Tauc plot, and (e) indirect Tauc plot of NaBiSe2 prepared in the presence of oleylNH2 at 
180 °C for 0-3 h. (f) Comparison between Scherrer size and band gaps vs.time. (g) Percent 
composition vs time. Trigonal (black) Se has a 1.8 eV direct band gap.S10 The minima between 
300–500 nm in (b) is the result of an instrument artifact (see Figures S19–21). Tauc plots are 
NaH + Ph3Bi + 2 Se                               NaBiSe2
180 °C, t
/ Oleyl-NH2 + ODE
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calculated from diffuse-reflectance. Trigonal Se is a known direct band gap semiconductor so no 
indirect band gap is reported for the 0 h sample. Prior literature is ambiguous about whether the 
band gap in NaBiSe2 is indirect (by theoryS1) or direct (by experimentS2). Related compounds have 
both (RbBiS2,S3 NaSbS2S4). 
 
 
Scheme S11 
 
 
Figure S9. Select data for NaBiS2 and NaBiSe2 prepared with and without oleylNH2. (a) XRD. (b) 
Uncorrected solid-state diffuse-reflectance, (c) direct Tauc plot, and (d) indirect Tauc plot of 
NaBiS2 and NaBiSe2 prepared without oleylNH2. (e) Uncorrected solid-state diffuse-reflectance, 
(h) solution-phase absorption, (f,i) direct Tauc plot, and (g,j) indirect Tauc plot of NaBiS2 and 
NaBiSe2 prepared in the presence of oleylNH2. The minima between 300–500 nm in (b,e) is the 
result of an instrument artifact (see Figures S19–21). Tauc plots (c,d) and (f,g) were calculated 
from diffuse-reflectance (b) and (e), respectively, while (i,j) were calculated from solution 
absorbance (h).  
3NaH + Ph3Bi + 3E                NaBiE2 + 3Ph-H + Na2E
T, t
S
E = S or Se
T = 70–180 °C
S = ODE, oleylNH2, or both
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Figure S10. Extinction coefficients of (a) NaBiS2 nanocrystals in presence (4.4±0.7 nm by TEM) 
and absence (4.2±0.7 nm by TEM) of carboxylates, and (b) NaBiSe2 nanocrystals prepared in the 
absence of carboxylates (18±1 nm Scherrer size) (all samples made in the presence of oleylNH2). 
 
 
 
Figure S11. (a) TEM and (b) SAED of NaBiS2 prepared from NaH, Ph3Bi, and S in neat oleylNH2 
at 70 °C for 10 min. (c) TEM and (d) SAED of NaBiS2 prepared from Na(oleate), 
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Bi(neodecanoate)3, and S in neat oleylNH2 at 180 °C for 2 h. (e) TEM and (f) SAED of NaBiS2 
prepared from NaH, Ph3Bi, and S in neat oleylNH2 at 180 °C for 0 h (immediate cooling). (g) TEM 
and (h) SAED of NaBiSe2 prepared in the presence of oleylNH2 at 180 °C for 3 h. (g) Histogram 
showing size distributions of 300 nanocrystals each for samples shown in (a-h). 
 
 
 
 
Figure S12. (a,c,e) High-resolution TEM and (b,d,f) respective FFT of three different NaBiS2 
nanocrystals prepared in neat oleylNH2 at 70 °C for 10 min. 
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Figure S13. Elemental analysis of NaBiS2 prepared with NaH, Ph3Bi, and S in neat oleylNH2 at 
70 °C for 10 min. Region before (a) and after (b) exposure to the electron beam during EDX 
elemental mapping (c). 
 
 
Figure S14. (a,c) High-resolution STEM and (b,d) respective FFT of two different NaBiSe2 
nanocrystals. 
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Figure S15. Elemental analysis of NaBiSe2 prepared with oleylNH2 at 180 °C for 3 h. 
 
 
 
Scheme S12 
 
 
 
Figure S16. Select TEM of NaBiSe2 prepared in ODE without a ligand that show: (a) plates and 
wires, (b) wires with seeds, and (c) wires with (111) lattice fringes along the nanowire diameter. 
We attribute the formation of wires to solution-liquid-solid (SLS) growth via Bi-metal seeds 
(Scheme S12).S11,S12  
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Figure S17. FTIR of NaBiS2 prepared in neat oleylNH2 at 180 °C for 0 h and NaBiSe2 nanocrystals 
prepared in the presence of oleylNH2 at 180 °C for 3 h. NaBiS2 sample shows strong peaks at 1133 
cm-1, 1007 cm-1, and 675 cm-1 that are consistent with C=S, C-N, and C-S stretching vibrational 
modes.S13  These modes are consistent with the presence of thioamides, amidines, and alkene 
cross-linking by H2S,S14 which are all produced in sulfur-alkylamine solutions heated above 130 
°C.S15 
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Figure S18. XPS data of NaBiE2 prepared in the presence of oleylNH2: (a) Na 1s region, (b) Bi 4f 
and S 2p region, (c) S 2s region (left) and Se 3d region (right), (d) N 1s region. In (b), the Bi 4f 
and S 2p regions overlap, and the Si 2s peak is from the substrate (data collected ca. 20 min after 
exposure to air). 
 
 
Table S1. XPS Binding Energies of NaBiE2 Nanocrystals and Relevant Species. 
Sample Na 1s (eV) Bi 4f 5/2 (eV) 
Bi 4f 7/2 
(eV) 
S 2p SO42- 
(eV) 
S 2p SO32- 
(eV) 
S 2s S2- 
(eV) 
Se 3d 
(eV) N 1s (eV) 
NaBiS2 1071.4 163.3 158.1 168.4 - 162.6 - 399.2 
NaBiSe2 1070.7 162.6 157.1 - - - 52.8 399.2 
LiteratureS16 1070.5-1075 162-166 157-161 168-171 165-167.5 160-164 54-60 398-400 
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Figure S19. Solid-state diffuse-reflectance collected for several semiconductors with a wide range 
of absorption onsets (different band gaps). The apparent absorption minima between 300–500 nm 
is observed across all samples, clearly indicating that these correspond to an instrument artifact. 
 
 
 
 
 
Figure S20. Solution-phase absorption and solid-state diffuse-reflectance collected for (a) CdSe 
and (b) CsPbI3. Dividing the solution-phase data by the solid-phase data in each case below the 
first excitonic peak, and taking the average of the two samples gave us an approximate correction 
factor, which we could use to correct the diffuse-reflectance data (for example, see Figure S21 and 
Figure 2b). 
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Figure S21. Comparison of solid-state diffuse-reflectance before (a) and after (b) applying the 
correction mentioned above (Figure S20). 
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Figure S22. Density of states (DOS) of the two lowest-energy structures (3:3 fac L11 and 3:3 fac 
D4, see Figure 5) of (a) NaBiS2 and (b) NaBiSe2. DOS were performed on 2x2x2 supercells using 
VASPS17 with TB-mBJS18,S19 and an 11x11x11 Monkhorst-pack k-point grid (see Methods).  
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Table S2. Experimental vs. Theoretical Band Gaps for ABiE2 Compounds. 
Band gap Experimental (eV) Calculated (eV)a 
Compound 
No ligand 
(“bulk”) 
Nano 
TB-mBJ, exptl.b TB-mBJ, geom.c LDA 
Fac L11 (%)d Fac D4 Fac L11 Fac D4 Fac L11 Fac D4 
NaBiS2 1.37e 1.45f 2.12 (55) 2.46 2.21 2.53 1.35 1.70 
NaBiSe2 1.23e 1.26f 1.63 (33) 1.97 1.72 2.03 1.00 1.35 
AgBiS2 0.8e,S20 1.3S21 1.22 (53) 1.33 1.02 1.26 0.34 0.55 
aSee methods. b,cTB-mBJS18,S19 using the experimental-b or geometry-optimizedc lattice parameter. dOver-estimation relative to 
experimentally-observed “bulk” value. ePrepared without added ligand. fSoluble nanocrystals prepared in the presence of oleylNH2. 
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CHAPTER 5 
 
GENERAL CONCLUSIONS 
 
In conclusion, this dissertation described the synthesis and properties of two emerging 
multinary families of semiconductors that exhibit properties beneficial to technologies that can 
generate energy cleanly and efficiently without the release of harmful pollutants into the 
environment: halide perovskites and alkali bismuth dichalcogenides.  
We initially showed by 207Pb solid state nuclear magnetic resonance (ssNMR) spectroscopy 
that when methylammonium lead mixed halide perovskites are prepared in solution, dopants and 
semicrystalline phases survive and persist even upon annealing. We developed a novel solid phase 
synthesis that successfully eliminates semicrystalline phases and show that dopants are an inherent 
property in the mixed-halide perovskites because of the presence of miscibility gaps and 
spontaneous spinodal decomposition at room temperature. These results suggest that better 
optoelectronic properties and improved device performance may be achieved through careful 
manipulation of the different phases and nanodomains present in these materials. 
Many of the best-performing, technologically-relevant semiconductors are composed of 
toxic (Cd, Pb, As) or relatively scarce (Li, In) elements. Therefore, there is need to develop new 
semiconductor families composed of environmentally friendly and Earth-abundant elements. 
Toward this aim, we described the nanocrystalline synthesis of two new ternary semiconductor 
families: cesium germanium halide perovskites and alkali bismuth dichalcogenides. We showed 
that size control of cesium germanium halide perovskite nanocrystals can be achieved by varying 
the concentration of cysteammonium halide ligands. We successfully doped Mn2+ (29% in bulk 
and 16% in nano samples) into the halide lattice for the first time. We also reported a facile, low-
temperature (< 100 °C), and size-tunable (4–28 nm) solution phase synthesis of ternary alkali 
bismuth dichalcogenides. We observed 1.20–1.45 eV band gaps that all fall within the ideal range 
for solar cells with high extinction coefficients in the 104–106 cm-1 M-1 range. We computationally 
investigated the lowest energy superstructures that result from “coloring” caused by mixed-cation 
sites present in the rock salt lattice. The novel syntheses reported in this dissertation unlock two 
new classes of low cost and environmentally friendly semiconductors that show properties of 
interest for applications in energy conversion. 
